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ABSTRACT 
Khatt pring area has been chosen in 1 979 to be a major recreational site in Ras Al 
Khaimah.  The outflow water from these springs has been used to irrigate the surrounding 
farm . In the period 1 999-2004, there was a severe drought which affected the flow and 
water temperature from the pring as the flow decreased to almost one tenth of its average 
value and temperature decreased from 40 to 33 C. This work is an attempt to develop a 01S­
based groundwater flow model for the Khatt prings area with the fol lowing main objectives: 
] )  Characterize the general hydrogeological sett ing of Khatt spring area; 2) Simulate 
groundwater flow in Khatt springs area using MODFLOW; and 3) Study several extraction 
scenarios to achieve best future management option. 
The developed model was cal ibrated under steady state using observed groundwater heads of 
1 969. The available water table data in the period 1 970- 1 986 was used for model cal ibration 
under transient conditions. Different values of recharge were simulated and found that a 
recharge value of 20% of the precipi tation gives the optimum fit  between observed and 
simulated hydraul ic heads. Then, avai lable data from 1 986 to 2005 was used in model 
verifications. Except in the mountainous area in the eastern part of the study area, there was a 
reasonable match between the s imulated and observed groundwater head contours of 2005.  
Seven extraction scenanos were suggested to invest igate the feasible groundwater 
management option unt i l  2035 .  Results indicate that it is not feasible to increase the present 
extraction rate by any percent nor to keep it constant. In fact decreasing the present extraction 
rate is  necessary to solve the present severe groundwater depletion problem. The application 
of scenario five was found to be the optimal groundwater management option by decreasing 
the present extraction rate by 25%. The obtained resul ts meet the development ambition and 
proposed economic plan. 
v 
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1 . 1  W AT E R  R E SOU RCES I N  A R I D GCC G U L F  COUNT R I ES 
One of the critical problem that h in der the ustainable development in  the Gulf  Region 
Cooperation Counci l  ( GCC) countries i the lack of natural  ( conventional )  renewable 
\ ater resource . The Water in the Gee countries i part icularly a scarce resource due to 
the lo\v a erag annual ra infa l l  and high evaporation. Natural water scarc i ty is further 
wor ened by rapidly grow ing demand , un ustainable u e patterns, and increased water 
pol lut ion.  Groundwater i one of the major resources of freshwater in Gee countries; yet 
it i not sufficient to at isfy water demands in these countries. Desa l ination plants are 
e tab l i  hed to ub t i tute for water deficiency. In addit ion, reuse of treated wastewater is 
pract iced at a l imi ted cale. Surface water resources are carce in  Gee with the exception 
of the mountainous areas in southwestern part of Saudi Arabia, southern part of United 
Arab Emirates and northern and southern parts of Oman. The evaporat ion rate in the 
GCC countries vane between 2 . 5  mm day-I in December and January to about 1 7  mm 
day -1 i n  Ju ly and Augu t .  The annual evaporation varies between 2500 mm yr -I i n  the 
coasta l  areas to about 4500 mm in  the central parts of the desert of Saudi Arabia .  ( A L­
Rashed and Sheri f, 2000). 
In the GCe countries, groundwater resources can be c la sifted into renewable resource , 
which mostly found in  shal low a l l uvial  aquifer , and non-renewable resources (or foss i l  
water) which are encountered in  the deep aquifers ( Wood and I mes, 1 995) .  The recharge 
of shal low aquifers depends mainly on rainfa l l  events and surface runoff, and thus may 
vary considerably from one year to the other. Many groundwater aqui fers in Gee 
countries are being mined in an uncontro l led and unplanned manner, e ither because it has 
not been possible to regulate the access to these aquifers and/or they are nonrenewable. 
Unplanned groundwater min ing erodes the economic and soc ial sustainab i l i ty of the 
communities that depend on the depleting storage ( Dawoud, 2005 ) .The average annual 
groundwater recharge in Gee countries is  about 4,875 Mm3 (Table 1 . 1 ) . The actual 
contribution of  groundwater to the total water use in  the region is  more than 75% 
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( Da\',oud, 2005) .  ccording to table I .  L groundwater ab tract ion are currently the main 
ource of water in the countr ie  . 
Table  1 . 1  nnual ground\ ater recharge and u e i n  G C countrie for year 2002 
( Dawoud, 2005 ). 
Rcne\�able \\ ater resources, 
1m' G\\ ignificance in terms of 
Ground\\ ater % of 
ountl1 renewable % GW use to Population urface Ground Use MmJ 
:\ 1000 Total GW to total total demand \\ ater \\ ater 
rene\\ able (Yr2000) 
\\ ater 
Bahrain 677 0,2 100 100,2 258 99.80 91.49 
Ku\\ ait 2165 0,1 160 160,1 405 99.94 68.64 
Oman 2518 918 550 1468 1644 37.47 89.01 
Qatar 599 1,.t 85 86,4 185 98.38 53.31 
Suadia 21,930 2230 3850 6080 14.430 63.32 81.23 
A rabia 
UAE 2411 185 130 315 2650 41.27 78.50 
30,300 3334,7 4875 8209, 19,572 59.43 75.34 
TOTAl 
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The major ue that affect a l l  ustainable socio-economic development 111 GCC 
countrie are popUlation growth rate and rapid development in  the agriculture and 
indu trial ector (I mail, 1 995 ) .  Table  2 shows the population projections for GCC 
countrie over the period 1 995-2025( Dawoud, 2005) .  
Table 1 .2 Population projections for GCC countries ( Dawoud, 2005 ) .  
Projected population X 1000 Percentage 
CountlJ ratio 
1995 2000 2005 2010 2015 2020 2025 2005/1995 
Bahrain 557 618 671 717 766 897 1049 188 
Ku\\ ait 1691 1966 2192 2390 2576 3076 3673 217 
Oman 2027 2717 3302 3986 4752 7002 10,316 509 
Qatar 548 599 6�8 693 734 842 967 176 
uadia rabia 18,255 21,661 25,255 29,222 33,483 45,580 62,048 340 
LAE 2210 2410 2660 2869 3049 3526 4078 185 
Total 25,288 29,597 34,728 39,877 45,360 60,828 81,570 323 
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l lh high population growth rat in  the region (table 1 .2 ), the annual per capita hare of 
\\  ater re 'ource i continuou Iy decrea ing. Due t the rapid increase in  population and 
urbanization, along wi lh the c 'pan ion of inigated farming, domestic water and indu try 
need are e calating at high rates. Avai lable water resource cannot keep pace with the e 
rate and the region \ i l l  be con idered a a severe \i ater tre s region by the year 2030, 
(E CWA 2003 ). Furthemlore, the adopted pol icy of food self-sufficiency imposes 
continual con traints on the a l location of water resource , which would otherwise reduce 
th hare for agricu lture in fa or of increased dome tic and industrial demand. Table 1 .3 
ummanze the problem and critical i sues in the water sector of Gee countries 
( Dawoud, 2005 ) .  
Table  1 .3 Problems and crit ical i ssue in the water sector o f  Gee countrie ( Dawoud 2005 ) .  
Problem Evidence Causes I mpacts I ':. Deplet ion of available .:. Arid region with frequent .:. Socioeconomic 
"ater per capita over drought cycles. development slows 
Limited ,\ ater time ',' Growing population down. .:. Food Self-Sufficiency resources 
policies. 
. :. Irrigation off 45% . .:. Extensive traditional .:. Excessive losses of 
Inefficient 
.:. Excc ive leakage from irrigation practice. available "ater 
supply nen, orks. '.' Old water supply nenvorks. nater use . :. Wasteful" ater u e . '.' Lack of awareness. 
I nterna l" ater Increa ing competition . :. Gro,' ing "ater demand . .:. Increasing "aler 
a l location among sectoral users. . :. Limiled water resources . scarcity. 
conflicts 
.:. Contamination of .:. Discharge of untreated '.' Water related 
Ground water by sea domestic and industrial di ea es. 
"ater intrusion. efnuent into water courses. . :. oil damage . . :. Groundwater depletion . '.' Over-exploitat ion of .:. Complicated Deteriorating .:. Loss of agricultural groundwater. groundwater 
water quality land . '.' Lack of strict penalties. problems. 
. :. Irrational" ater demand . .:. egative impact on 
environment. 
. :. Duplication of efforts . • :. Undefined responsibil itie . .: . Poor water 
.:. Inefficient" aler . :. Lack of coordination . development 
Ineffective m anagement .:. Inadequate technical '.' Inefficient services. 
i nstitutions capacity 
1 . 2 WAT E R  R E S O U RC E S  I N  T H E  UN I T I ED ARAB EM I RATES 
( U . A . E) 
The United Arab Emirate I ie in the southeastem part of the Arabian Peninsula between 
latitudes 22° 40'  and 26° 00' N, and long itudes 5 1  ° 00' and 56° 00' E. The United Arab 
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Emirate ha main land urface area of about 77,700 k:m2. I t  i bounded to the north by 
the Arabian Gulf and the ultanate of Oman, to the ea t and northeast by the Sultanate of 
Oman and the Gulf f Oman and to the outh and we t by the Kingdom of Saudi Arabia 
( Figure 1. I ) . 
The Emirate is located with in an arid zone that is characterized by very high summer 
temperature rcaching 46°C and humidity of 46%. ( FAO 1 997) .  It is located in the 
subtropical arid c l imatic zone and i exposed to oceanic effects of the Arabian Gulf and 
Indian 0 ean .  The ra infa l l  is erratic  and unrel iable in time and space over most of the 
U E. 
United Arab Emirates 
Saudi Arabia 
Figure 1 . 1 :  Sate l l i te Image i l lu trating the location of United Arab Emirate . 
The average annual ra infa l l  in  the UAE varies from les than 60 mm around the Liwa 
area in the southern desert to about 1 60 mm in the mountainous areas of northern and 
eastern part of the country, ( UAE ational Atlas, 1 993) .  F igure 1 .2 shows average 
amount of the annual average rainfa l l  for the UAE in mrn for the period from 1 966 to 
2005 .The lowest amount of rainfa l l  for that period was in year 1 970 which received 1 5 . 7  
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mm, \\ h i le the high t amount of ra infa l l  precipitated in the country wa m year 1 995 
\>;h ich recei\  ed 30 .5 mm of rainfal l .  
The U E i' highly dependent on groundwater for most of it water supply. Groundwater 
re ource in the U E con i t of two type ; renewable re ource and non-renewable 
re ource . The renewable water re ources occur mo t ly in hal low a l luvial  aquifer which 
\vere fonn d by p rcolating rainfa l l ,  whereas the non-renewable  water resources ( the 
fo il non-renewable groundwater) which was f0n11ed during two previous wet periods 
(6000-9000 and 25 ,000-30,000 years ago) are encountered in deep aquifers ( Wood and 
[me , 1 995 ) .  The avai labi l ity of water in shal low aquifers is relatively mal l because i t  
mainly depend on the  ra infa l l  amount which differs from one year to  the other. Due to 
the high evaporat ion rate and urface water runoff in mountaineer area, only 1 0- 1 4  % of 
the total precipitation is  percolating to recharge the hal low groundwater aquifers 











Figure l .2 Average annual rainfa l l  in the UAE form 1 966 to 2005 . ( MEW, 2005 ) 
Groundwater resources in UAE are under increase stress due to the continues growth in  
freshwater demands. Qua l i ty of the groundwater resources is  equal ly important to  its 
avai lab i l ity. The restoration of the groundwater qual i ty is not only difficult, but costly 
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and require long l ime and ometimes might be impossible .  U eable fre h water mu t 
have peci fie phy ical chemical, and biological characterist ics .  The groundwater 
re ource , particu larl the hal low groundwater system are vulnerable to pol l ution, 
becau e of it e po ure to the impacts of human act ivit ies including industrial and 
agricultural de e lopment . In addition, uncontrol led pumping from the hal low aquifer in 
the coa ta l  area cauS l llg evere a l twater intrusion in coastal areas . Therefore, 
groundwater tudie hould address both quantitative and qual i tative aspects to en ure 
groundwater uitabi l i ty for the intended uses. 
De a l inated water is  currently the main source for domestic and industrial water resource 
in U l1 lted Arab Emirates ( Mangoosh, 2004) .  In year 1 976, the first desal ination plant in  
the  country was estab l i  hed in  Abu Dhabi wi th  capaci ty of 250 m3/day. Since then, water 
demand have increa ed ignificantly especia l ly in Abu Dhabi and Duba i .  Therefore, 
more p lant ha e been estab l ished to meet the demands of population growth and 
economical development ( FAO, 1 997) .  
De al inated water produced in UAE accounts for 22% of the total desal inated water 
produced in the GCC tates. Two mi l l ion m3/day was the total desal ination capaci ty in 
UAE from 1 976 to 1 993 ( Bushnak, 1 992 and World Bank, 200 1 ) ;  which hows that 
Uni ted A rab Emirate t i l l  depends on other sources such as groundwater and treated 
wa tewater besides de a l ination p lants to provide a sufficient amount of water for 
development in  the country ( Murad and AI Nuaimi ,  2006) .  Cunently, there are 35  
de  al ination p lan t  in  UAE wi th  total capaci ty of 700 mi l l ion m3/year ( Murad and Al  
ua imi ,  2006) 
Treated wastewater has recently been recogn ized as one of the dependable resources for 
water supply. I t  has been p laying an increas ingly important role in the water resources in  
the  UAE.  I t  i s  mainly used to  support the  expansion of gardening and landscaping in the 
country. There is about 1 0% annual increase in the use of treated water for inigation 
purpo es to compensate groundwater shortage and increase water demand (A lsharhan et 
al ,  200 1 ). Current ly, there are four main treatment plants in  the UAE located in Abu 
Dhabi, Dubai, Sharjah and Al Ain .  The annual water production from a l l  treatment 
p lants has increased sharp ly  in the last few year . For example, i t  increased from 1 6  
m i l l ion m3 in 1 993 to 88 . 1 m i l l ion m3 in year 1 998 ( Abu Dhabi Water and E lectric i ty 
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DepaJ1ment, 2000) .  The a a i labi l ity of treated \ a tewater i expected to increa e in the 
future and thu · could be u ed to re l ie  e the tre on the groundwater re ource . 
1 .3 C O P E  A N D O BJ ECT I V ES O F  T H E  ST U D Y 
The management of  carce ground water resources in the United Arab Emirates is an 
important national chal lenge. At pre ent time, the country does not make the best u e of 
avai lable  water re ource and most of the water i u ed in i rrigat ion, yet more than 50% 
of national food r quirements are imported ( Rizk, 2002 ) .  Many studies have already been 
conducted to as e the quant i ty and qual i ty of the available groundwater resources in 
UAE ( e.g. Ha lcrow & Partners, 1 969; I WACO, 1 986, Entec, 1 996, nCA, 1 986) .  
HO\ ever, 1110 t of the e tudie are not conducted at the local scale and, hence, do not 
include local detail . Therefore, i t  i s  impol1ant to conduct groundwater studie at the local 
cale to provide a better asses ment for the groundwater potential i ty and qual i ty for 
pec ific aqu ifers. 
The main obj ective of thi study is to provide G I S- based quanti tative assessment for the 
groundwater resource within the Khatt Spring area. To achieve such goal ,  the fol lowing 
pecific obj ect ives w i l l  be completed: 
.:. Review re ul t  of previous hydrogeological and geophysical tudies in Khatt 
area, reinterpret these results;  bui ld and incorporate into G IS  database . 
. :. U e the G I S  database for the evaluation of the geological and 
hydrogeological parameters of the aquifers within Khatt spring area and 
thus prepare data input fi les needed for developing a local-scale 
groundwater flow model .  
'.' U e the interpretation re ul t  of the geophysical surveys to augment the 
evaluation of the hydrogeological parameters and aquifers physical 
thickne s, particularly in the locations where there is  no dri l l ing information 
avai l able  . 
• :. S imulate the groundwater flow sy tem and asse s the groundwater 
potent ia l i ty in Khatt Spring area using MODF LOW . 
• :. Examine several management scenarios for tbe groundwater resource 1I1 
Khart springs area and select the best management option.  
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1 .4 O RC A  I ZA T I O  O F  T H E  T H E S I S  
Th i'  the  i i compo ed of e en chapter . C hapter one elaborates on the importance of 
groundwater resource in G countrie , and part icularly UAE. The ul nerabi l i ty of the 
gr undwater re urces in the country and the impacts of human act ivit ie including 
indu tria l  and agricultural de elopment are al  0 pre ented in this chapter. The general 
cope and pecific object ives of the tudy are pre ented in thi chapter. Chapter two 
introduce kar t hydrology, flo through pore , fractured rocks; and important 
fundamental and appl icabi l i ty of Darcy law to karst aquifers. Also presented in thi 
chapter c1as ification of groundwater model , governing equat ions; the 
conceptual ization of groundwater flow models, and l imi tations of numerical groundwater 
flo\\ model ing. Addit ional ly, thi chapter summarize everal studies in karst aquifer 
with numerical model . C hapter t h ree contains general description of the geological and 
hydrogeologica l ettings of khatt spring area . The groundwater aquifer and pumping 
wel l  setting are de cribed. Thi chapter a lso e laborates the agriculture activate and 
groundwater pumpll1g 1 11 the tudy area. C h a pter fou r  provide the G IS  and 
h drogeology data. The a embl ing of groundwater model and G IS  appl ication data 
proce s ing for groundwater numerical mode l ing, the tudy area data col lections and 
model development and design were elaborated in thi chapter. Also G IS  data base 
modeL the interpolation and gird de ign were di cussed in this chapter. C hapter five i s  
devoted to the development of the numerical model for the groundwater flow in Khatt 
area . The conceptual models  for the tudy area, the boundary condit ions, and init ia l  
condit ion are identified. A cal ibration of the local groundwater flow model is  preforn1ed. 
Model erification and water budget calculations are also introduced in this chapter. 
C h ap ter Six investigate the groundwater management options and discusses the impact 
of applying different groundwater extraction schemes on the flow in the aquifer. Chapter 
Seven inc ludes a summery of the completed tasks in this thesis .  The main conclusions of 
the study are presented and several recommendat ions for groundwater management are 








In l a  t decade groundwater model ing become a major part of many project deal ing with 
groundwater exploitation, protection and remediation. The ground water models could be 
div ided into two categorie : (a) Groundwater F low Models which are olved for the 
di  tributiol1 of the head in  the domain, (b) Solute tran port models, which are solved for 
the concentration of the effected solute by ad ection, dispersion, and chemical react ions. 
The flow and olute tran port of the groundwater in the aquifer system can be simulated 
by the way of process of numerical models  that invol e ( Poeter and H i l l  1 997) :  
.:. Define the problem . 
. :. Define the boundary condition . 
. :. Choosing the best code to describe the physicals problem . 
. :. Ca l ibrate the numerical model . 
.:. Appl ication of the numerical mode l .  
2 . 1 C LA SS I F I CA T I ON OF G RO U N DWATER S IM U LAT I ON 
M O D E L  
There are e eral ways t o  c lassify groundwater model . A groundwater model can be 
c la  s ified into flow and olute transport model .  These models can be c lassi fied e eral in 
to phy ical scale model ,  Mathema6cal model .  Based on the spat ial dimensions thi 
model can be a l  0 c lassified in to two dimensional a real ,  two-dimensional profi les, qua i 
three dimensional and ful l  three dimensional and three dimenitiona l .  Figure 2 . 1  i l lu  trated 
the c lassification of s imulation models .  In the fol lowing section wi l l  briefly discuss the 
characterist ic of each model type . 
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A nalOf! /\ 1odel 
Electrical Model 




Discrete fracture of conduit 
network models 
L umped parameter 
Approach (L PA) 
Triple porosity models 
F igure 2 . 1 C ia  sification of groundwater models .  
2. 1 . 1  M athemat ica l  M od els 
The mathematical model s  are the most usefu l  commonly employed ( Dri col l ,  1 986) .  Thi 
type of model upon the solution of the basic equitation of groundwater flow, heat flow 
and the mass transport . Al 0 it is inc ludes a set of general theoretical principles, l aws, and 
set of statements of boundary c ircumstances ( Woolhiser and Brakensiek, 1 982) .  The 
implest mathemat ical  model of groundwater is  Darcy's law. To apply it we need to have 
a conceptual model of the aqu ifer to develop the data on the physical properties of the 
aquifer ystem, boundary and in it ial  conditions. To develop the mathematical model we 
must tart with a conceptual understanding of the system to be modeled. The conceptual 
model can be trans lated into a mathemat ical framework that produce govemmg 
equat ions which describe the physical process in the system. 
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nalyt ical  model 
nal t ical model are an e. act soluti n of a peci fic ,  often greatly simpl i fied, 
groundwater flow or transp rt equation. Analytical flow models have bcen developed to 
imulate the flow of water to \: e l l  and tream a well  as for heat and ma s tran port . 
The e k ind of model need a minimum amount of data ince a l l  sectors of a parameter are 
a igned a ame value ( Richard and Mandie ,  2002) .  The equation that uses it in this 
model mu t be ery ample,  so the olut ion may be obtained on i t .  The best appl ications 
for nal tical model are :  
.:. In i t ia l  ite a e ment where a h igh degree of accuracy is not needed . 
. :. Designing data col lection plan prior to beginn ing field activit ie . 
• :. An i ndependent check of numerical model simulation results . 
. :. ite where field condition support the simpl ifying assumptions embedded in the 
analytical model . 
N u merica l models 
The umerical groundwater flow model are the important tools avai lable for managing 
water re ource in aqu ifers. These models  used to test different conceptual models by 
e t imating the important parameters for water resources in aquifers. Also they used these 
model when there i a complex boundary conditions or where the value of parameters 
varie wi th in  the model area (Zhang et aL 1 996) .  N umerical models have the capabi l i ty to 
solve a compl ex set of equation that describes groundwater flow and olute transport in 
the heterogonou and anisotropic pours media. Genera l ly  these equations describe mult i­
dimen ional groundwater flow, solute transport and chemical reactions. There are many 
rea ons for trying to mode l ing the karst aquifer by the numerical model : (a ) .  characterize 
and under tand the sy tern to improving the water resources management (b)  trying to 
reproduce the evolution of its characteristics and under tanding the ystem;( c )  te t or 
refine different conceptual models ; (d)  estimate hydraul ic  parameter ( Ebrabeem et al 
2002, 2003 ) and (e ) .predict how the aqu ifer might respond to changes in pumping and 
c l imate ( Gossel et al  2004).  
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umerou model have been de eloped ucce sful ly in c ia sic aquifer, where the flow is  
perfe t ly laminar flow, however the e appl ication of numerical model i 
problematic in  kar t aquifer due this reason : 
Karst aquifers are genera l ly  highly heterogeneous. 
more 
Kar t aqu i fers are dominated by econdary ( fracture) or tel1iary (conduit) flow. 
Poro ity and may exhibit hierarchical permeabi l ity tructure or flow path . 
Th e aqu ifer may ha e a turbulent flow component, which may be 
problemat i in that mo t numerical model are which is ba ed on Darcy' s  l aw, 
\ hich a ume laminar flow. 
The numerical model that have been used 0 far for karstic aquifers can be roughly 
cia ifi d in  t\\'o main pproache : 
Distri b u te para meter model ( D PM) 
The Oi  tributed parameter model are required to obtain detai led infonnat ion on spatial  
variabi l ity i n  groundwater flow. The distributed parameter models c lassify to three 
model : ( a )  equiva lent pour model ,  (b )  discrete fracture of conduit network models and 
( c )  dual porosity models .  ( a ) .  equivalent pours model are appropriate for well connected 
porou media or fractured y tern at a fa irly large scale where information i sought on 
average behaviors rather than on deta i l s  of flow paths. The fractured material  i s  
represented a an equivalent porous medium ( EP M )  by replacing the primary and 
secondary porosi ty and hydraul ic conduct ivity d istributions with a continuous porous 
medium which cal led equi a lent or effective hydraul ic propert ies. (b) .  discrete fracture of 
conduit network model ( DF M )  assume that the water movement wi l l  be only de cribing 
through the indiv idual fracture network or the conduits, but the matrix characteristics wi l l  
be  ignored. 
Di  crete Fracture model approach i s  typical ly appl ied to fractured media with low 
primary penneabi l ity such as crysta l l ine rocks. Discrete fracture network ( DFN ) models 
portray fractures and their fracture connect iv i ty very differently from other methods. (c ) .  
dua l  porosity model apply to karst aqui fer that are considered a being adequately 
represented by dual matrix and frac ture, matrix and conduit  or fracture and condui t  
groundwater system. I n  dual  porosity model the flow through the fractured combined by 
exchanging the water and the solute from and to the SUlTounding porous rock matrix. The 
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fra ture net ork a \ e l l  a the propert ie  of the porou block mu t be de cribed prior to 
model ing.  The e. hange between the fracture network and the porous block 
rcpre ented b de cribe the rate of rna transfer (Comaton and Perrochet, 2002 . 
L u m ped parameter approach ( L PA ) :  
Lumped parameter model i one of the simple t approache which also cal led black box 
or mi. ing cel l model .  In the lumped-parameter approach the groundwater system is 
treated a a whole and the flow pattern i a sumed to be con tant. Usual ly the flow rate 
through the y tem i al 0 as umed to be constant because variations in the flow rate 
through the y tern and change in it vol ume were shown to be negl igible when 
di ti ncH shorter than the mean age (Zuber 1 986) .  The lumped parameter models are 
part icularly u efu J  \ hen no ufficient data do e not exi t to justify the use of multi-cel l  
models, mult i - tracer multi-cel l  models  ( Adar 1 996) .  
2 . 1 . 1 . 1  Modeling code 
The "modular three-dimen ional fini te-di fference groundwater flow model" i s  a program 
for imulat ing d ifferent aqu ifer , simulates ates saturated flow in a porou medium with 
one, two, three d imensions ( McDonald and Harbaugh, 1 988 ) .  I t  is a l lows both of 
simulation condit ion ( teady state and transient tate) .  Thi model known as MODFLOW 
U RF ACT ( ver ion 3 . 1 ) , which developed by the Uni ted States Geological Survey 
( U SG S ). 
MODFLOW is probably the popular groundwater model ing program in  existence. There 
are several rea ons for thi  popularly ( Winston 1 999) :  
.:. MOD FLOW is  appl icable to most types of groundwater model ing problems . 
. :. The programs are wel l documented and structured . 
• :. The source code is pub l ic domain and thus can be checked for errors and 
modi fied by anyone with the necessary mathematical and programming 
'.' 
ski l l .  
I t  i s  accept i t  by  several agencies and l i t igation. 
The programs have ongoing modi fication to increase it capabi l it ies. 
It has an excel lent compatibi l ity with GIS .  
The available publ ished MODFLOW Software with the student. 
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2.2  CO N C E P T U A L I ZAT I ON 
B defin ing the flow prob lem and it domain, and after e tabl i  hing the purpose of the 
model the connection tool is  needed to tran late the groundwater flow sy tem uch a the 
geometry ,  characteri t ic and the natura l components precisely in to numerical method. A 
conceptual model i a repre entation of the ground-water flow system. I ts purpo e is to 
impl i  fy the field i tuat ion and organize field data so that the ystem can be analyzed . 
Ithough the conceptual model should represent the true system as best as possible by 
interpolate the groundwater ystem and simpl ified the diagram and cross section by 
u ing a l l  avai lable data such as hydrogeological and hydrological data ( Anderson and 
Woes ner, 1 992) .  
conceptual model of groundwater flow i a qualitative framework. The basic 
component of a conceptual model are the sources of water to the region and inks of 
water from the region, the physical boundaries of the region, and the distribution of 
hydraul ic  propert ie ' i th in the region. The formation of a conceptual model i critical to 
the development of a more quantitative representation of the subsurface hydrology, such 
a a numerical groundwater flow model .  The aim of bui lding a conceptual model is to 
impl i fy  the problem and to organize the a sociated filed data so the system can be 
analyzed more readi ly .  The accuracy of a mathemat ical model is highly dependent on the 
conceptual model de ign . An inval id repre entation can lead to major errors in the 
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F igure 2 .2  The procedure of translating the geologic framework of the real world into 
digital  form ( Seeflnasr, 2007) 
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2.3  Bo u n d a ry C o n d i t i o n s  
The mathemat ical m del con i t o f  a governing equation, boundary conditions and 
ini t ta l  condit ions. The boundaries of a groundwater model are the domains or points at 
which the dependent variable ( head) or the deri ative of the dependant ( flux ) is known. 
Franke ct al ( 1 9 7) ment ion that for real i  t ic of imulation effect we must select the 
boundarie very wel l .  The presence of an impem1eable body of rock or a large body of 
urface water form the phy ical boundary of the groundwater flow system. Groundwater 
div ide or treaml ine from the hydraul ic  boundary of he groundwater system ( Anderson 
and \ oe sner 1 992) .  The hydrogeologic boundary conditions can be explained by the 
fol lo\>\ ing mathemat ical  condit ion ( Figure 2 . 3 ) :  ( a ) . Spec ified head boundarie ( Dirichlet 
ondit ion) for which head i given ( De l leur. 1 999, Ander on and Woe sner. 1 992),  (b ) .  
peci fied flow boundarie eumann condit ions) for which flux acros the boundary is 
calculated given a boundary head value ( Freeze and Witherspoon 1 967)  and (c ) .  Head­
dependent flow boundarie (Cauchy condition, head-dependent flow boundary ) for 
which flux aero the boundary are depend on the magni tude of the difference in head 
aero the boundary. A lso it i cal led M ixed Boundary Condition because it relates 
boundary head to boundary flow. 
II. C1o'e,?, �""o . . . . .  -_ . . " ' _ ' "  o�. 't'�\�� •• , - • • • •
• . . ' 
- . -
Figure 2 .3  Diagram the physical and hydraul ic boundary conditions III regional 
groundwater flow system. ( Anderson and Woessner, 1 992)  
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2.4 I T E R PO L AT I ON 
I nterpolat ion is the proce u ual ly u ed to con truct, e t imate, intennediate and fi l l  new 
data value in orne pace from a di crete et of known data point . Them most known 
and repre cntat i\  e tati t ical  method concerning hydrogeological infonnat ion i the 
Kriging. Kriging i a method of interpolation named after a South African mining 
engineer named D .  G .  Krige ( 1 95 1 )  1 95 2 )  who developed the technique in an attempt to 
more accurately predict ore re erve . Over the past several decades kriging ha become a 
fundamental tool in the field of geostati t ics .  Kriging is based on the as umption that the 
parameter being interpolated can be treated as a regional ized variable .  There are three 
type of kriging ( a ) :  ordinary kriging; (b) :  s imple kriging, and (c ) :  universal kriging. The 
\ ariogram i a three di mensional function, as it u ed to match a model of the patial 
corre lat ion of the ob erved variable . It ha been widely used to quantify the spatial 
yariabi l i ty of spat ia l  phenomena. 
2.5 I N I T I A L  C ON D I T I ON S  
The head di tribution e ery where in t h e  sy  tem a t  the beginning of the s i mulation forms 
the in i t ia l  condition ; thus there i boundary condition at the t ime. I n it ial  condition must 
be preparing before running the model .  I n  teady tate case the head distribution w i l l  be 
selected as in i t ia l  head and generated by cal ibration the mode l .  Francke et al ( 1 987 )  
explained the rea on s  for u i ng the init ia l  condition i n  the steady state head. There is two 
type of steady state olut ion can be used as in i t ia l  condit ion:  (a) .  static steady state, 
(b ).dynamic average teady state. In static steady state condition we can found that there 
i no flow in the y tern and the head is constant throughout the problem domain.  Al 0 i t  
i s  u ed  for s imulation the  drawdown by response to pumping. The  init ia l  head 
di tributions which have been calculated in the teady state s imulation and prior to 
tran ient state, th is  head w i l l  represented in dynamic average steady tate condit ion .  I n  
this case the head Varese's and the inflow in  the system is  equal outflow o f  the system. 
2.6 D I SC R ET I ZA T I ON 
Discretization improves the spatia l  and temporal transformation of the spatial and t ime 
dependent components of the groundwater model into discrete e lement. The geometry of 
discretization is c ruc ia l .  The model ce l l  should be sma l l  enough to reflect the curvature of 
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the \ ater table and the hydraul ic gradient al 0 the effective of the tre point on the 
h dr geological y'tem 'uch a recharge, e apotran piration and pumping \ e l l .  The 
heterogenei ty and the 'patial  di tribution of aquifer propeliie must be considered when 
we choo ing appropriate the grid size. With more variable in the aquifer properties, the 
variation expre e finer the nece ary discret izat ion at the model grid. De pite the fact 
that information avai labi l i ty of aquifer propert ie mo t cases, the model ing objective are 
the main factor of the grid or me h ize. Thu , simu lating the hydrogeological systems for 
the groundwat r management and sustain abil ity trategies, great attention must be paid to 
choo mg the grid size. 
number of analytical methods have been implemented in an attempt to improve the 
head olution ; uch a the local grid refinement ( LGR)  ( Mehl  and H i l l ,  2002 ), and 
telescoping grid refinement (TGR)  ( Leake and Claar 1 999) .  The advantage of using this 
type of model that i t  can deal wi th groundwater flow model ing problems; they have many 
l imitations especia l ly for de eloping the numerical model appl ication in large scales with 
complex hydrogeologic y tern and boundary conditions ( Seeflnasir 2007 ). To obtain an 
accurate o lut ion and to fac i l i tate the minor change of the aquifers behavior during the 
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F igure 2 .4 The effect  of the size of the t ime steps on the simulation of the decay of the 
groundwater hydraul ic head ( Seeflnasir, 2007) .  
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2 . 7  L I M I TAT I O  
M O D E L I N G 
O F  N U ME R I C A L  G RO UN D W A T E R  FLOW 
Mo. t of numerical groundwater flow model have l imitation in  accuracy. These 
l imitation ar u ual !  a ociated with:  ( 1 )  the quantity and qua l i ty of the input data, ( 2 )  
implification and a umption u e d  t o  de elop the conceptual and numerical model ,  
and ( ) the ca l  of application of the model .  
2.7. 1 I n p u t  Data Base Li m itat ions 
I nput data et were ba ed on l imi ted information in  Kl1att springs model .  The hydraul ic 
and hydrogeologic propert ies needed for the model input are usual ly avai lable at few 
point in the flow domain and normal ly the propert ie of each cel l  in the domain are 
a igned \ i th Kriging interpolation which in much s i tuation resul t  in extrapolation 
part icularly if the data point are not equal ly covered the flow domain.  Error in 
hydraul ic head ( K )  ,transma iv ity (T)  and storat iv i ty ( S )  in a uniform aquifer, boundary 
di tance and aquifer propert ie  in a patchy aq uifer, ani otropic transmasiv ity I l1 an 
otherw i e un iform aqui fer, vert ical  variation of hydraul ic conduct ivity, a change from 
confined to unconfined condit ion , effect ive porosity ( e ), fracture width ( F ), and fracture 
pacing have major effect on the s imulated heads and drawdown. In most of the flow 
problem , the h istorical record of the water table Ie els are incomplete and thi  l imits the 
cal ibration and val idation capabi l i t ie  of the model and consequently  its predictions 
capabi l i t ies. 
In mo t ca e the water table  date are only avai lable on monthly record and even in some 
ca e w ith gap of year . I n  th is  case hydrologic processes and hydraul ic stres es must be 
repre ented in the tran ient models  as monthly averages. Simulat ion results are monthly 
average ground-water Ie  els and flows. Thus, these models can not be used to imulate 
changes that occur at finer t ime scales, for example dai ly values, which may 
ubstantia l ly  exceed or fal l  below month ly average values. The spat ial resolution of the 
imulation results was l imi ted by the area, water withdrawals, discharge , and tream 
flow and the effects of temporal and spatial discret ization also impose l imitat ions on 
model use. 
20 
2.7.2  L i m itat ion i n  Concept iona l  Model i n g  
conceptual model of gr  und\ atcr flow i a qual itati e framework upon which data 
re latcd to ub urface h drolog can be considered. The simpl i fications and a sumptions 
1 I1C rporated into the conceptual models  re ult in l imitation to their appropriate use and 
to the interpretation that ma be made of imulation re ul ts .  The agreement between 
Imulated "vater level or tream ba e flow in pec ific areas of the flow sy tem may not 
be adequate to UppOl1 local- cale mod I appl ications. The model di cret ization also may 
not be appl icable for local- calc problem . In fact, model cal ibrat ion general ly should be 
taken into con iderat ion henever the effects of simulated changes in water-management 
pra ti e or hydrologic condit ions at pecific ob ervation point are evaluated. Because 
of the error a oc iated with regional-scale cal ibrat ion, imulation resul ts for many 
appl ications ma be t be viewed as evidence of relative changes in water levels or base 
flow rather than a ab olute change at spec ific locations. 
2.7.3 Bou n d a ry Condit ions  of Local-scale Model  
Ground\vater flow in  the main aquifers layers i govemed by condition at the boundaries 
of the regional y tem. I t  i s  noticeable that in the model ing studied conducted in the last 
two decade and becau e of data and computer capabi l i t ie l imi tations, researchers 
tended to develop local-scale mode ls  of the areas of intere ts despite the fact the these 
area are mal l part of main aquifer and the boundary conditions for any local area in the 
main aquifer w i l l  be i l l -defined. In many cases, records of hydraul ic head observations 
needed for the model cal ibration procedure are only avai lable starting from recent t ime 
and for orne cel l s  located outside the model domain .  Therefore, in order to model 
groundwater flow in the areas a regional model for the whole aquifer should be 
developed and cal ibrated. Then the grid ce l ls  of the local area in the regional model could 
be refined i nto the desired size to involve local detai ls .  The regional model then used to 
calculate the flow fl uxe across the boundary cel ls  of the area of the local-scale model .  
2.8 L I T E RA T U R E  R E V I E W  
Depletion o f  groundwater has become a major problem i n  arid countries i n  recent year. 
Exce ive pumping for agricul ture and domestic use together with the preva i l ing drought 
condit ions are the main cau ed of groundwater depletion and associated problems. There 
for, groundwater flow model espec ia l ly numerous types of model have been developed 
2 1  
and u ed to predict the waleI' leve l .  Based on the c ia  ification of groundwater imulation 
(e 'pec ia l l  foeu ed in numerical method) ,  
Barrett and Charbeneau ( \ 996) developed a new type of lumped parameter model for the 
Barton pring of the Ed ards aquifer. The author present a lumped parameter model 
to reproduce a general  hist rical trend by mea ured water levels  and spring di charge , 
I n  th1  tudy, the recharge to the aquifer wa calcu lated ba ed estimates infiltration of the 
ra infa l l  and on the flow 10 of the creek crossing the recharge zone, In  this groundwater 
model ,  they cho e five cel l  each of them corresponding to one of the watersheds of the 
fine mean creek cro s ing the recharge zone, The capabi l i ty of this new type of lumped 
parameter model wa in predicating regional water levels and discharges. Th i re earch 
how that the model expl ic i t ly acknowledge the lack of detai l ed knowledge about the 
location of conduit  \: hich predication made by more complex models  are given more 
\ al idity. 
Zhang et a l  ( 1 996) u ed lumped parameter model and the least squares method to simu late 
the temporal variation of discharge at Big spring, Iowa, USA, from the period 1 983 to 
1 994. I n  thi  study, the lumped parameter model is a pecial  case of non l inear Auto­
Regres ive Moving Average ( A R M A )  model which been used in economic and industrial 
app l ications. Z hang conclude that the simulated di charge rates poorly match the ob erved 
one when u ing precipitation a input. These matches improved significantly when the 
infi l tration and the evapotranspiration are con idered. The best results were obtained when 
nowmel t  wa included. Because of their min imum data requirements, the author calculates 
the infiltration through water balance approach, potential evapotranspiration was est imated 
wi th Thomth-waite fonnula  and nowmel t  was generated by a degree day model . The 
re u l t  how that the groundwater in l imestone aquifer was mainly recharged by snowmel t  
in early pring and by infi l trat ion from rainfa l l  in late spring and early summer. 
Ei enlohr at al  ( 1 997 )  used an indirect method of veri fication, consisting of introducing 
wel l - defined theoretical karst structures into a finite element model and analyzing the 
imulated global response according to presently accepted interpretation schemes. The 
authors represent two methods that describe and analyse kar t spring hydrographs: a )  
analysi of recession hydrographs, b )  analysi of the  spring hydrograph by autocorrelation. 
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In thi paper E i  enlohr et al ( 1 997)  repre ent only pre l iminary results by u ing a number 
of imp l i fied 2D and theoretica l kar t aquifers. The model led regions wa from 1 2  to 48 
km� ubdi ide into low hydraul ic conduct ivi ty ol ume and high hydraul ic conductivity 
karc t hannel n twork with variou configuration . The thickness of the aquifer as umed to 
be SOm.they had only one di charge at only one kar t pring. They conclude that the 
numerical fini te e lement models e en if they appl ied a theoret ical and highly simplified 
kar t aquifer, i t  w i l l  repre ent an effic ient tool for the checking of certain interpretation 
ba ed on global method which i ind icate that may lead to erroneous conclusions. In  spite 
of the l imitation inherent in the 2D models, the simulation showing c learly that i f  the karst 
pring hydrograph i eparated into several exponential functions, the exponentials don ' t  
nece ari ly  corre pond to the aquifer volumes with different hydraul ic conductivi ties. Also 
the exponential  part of  the hydro graph rece ion depend on the global configurat ion of the 
whole kar t aquifer not only on the hydraul ic propeliies of the low hydraul ic conductivity 
volume. 
Angel in i  and Dragoni ( 1 997 )  used the MODFLOW to imu late the system fol lowing of the 
equivalent porou media approach .  The aim of thi art ic le wa to construct an appropriate 
mathematical  model for the pri ng despite the scarc ity of avai lable infomlation in Bagnara 
pring ( I ta ly) .They e t imates the hydraul ic  conduct ivi ty and the pecific yield equivalents 
by cal ibrating the model .  Si d ifferent ca e were considering by simulation the steady 
tate in th is  steady with di fferent isotropic hydraul ic conductivity.  The transient imulation 
tart ing wi th the head obtained in the steady state. From the simUlat ing, i t  was possible to 
obtain  a wide range of informat ion beside indicates on hydraul ic gradient, flow velocit ies 
and water e levation, the model constructed gives the hydraulic conduct ivi ty ( K) and 
torat ivity ( S) value . 
Larocque et a l  ( 1 999) verify the possib i l i ty of using the inverse model ing and the 
equivalent porous media to identify the transmissivit ies in La Rochefoucauld karst 
aqui fer in France. Several s imulation scenarios were tested in this study by using two 
spat ia l  D iscretization with different fin i te e lement cel l  s izes and measured. With the 
down cal ing parameterization procedure, the inver e model ing was prefonned to 
represent t he bidimensional ground water flow to converge satisfactori ly with a l l  
scenarios using small  ce l l s  and  measured heads as  a highly heterogeneous transmis ivity 
fi led. The ca l ibrated transmissivities reproduce the input rang of transit ivity which 
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mea ured in the field b u l I1g e eral method . A the end, the author indicate that 
1 l1\ er e model ing and an equivalent porous media can be used to determine the 
iv i t ie  in moderate kar ti fied aquifer. 
Dufre ne and Drake ( 2000) u ed appl ication of numerical model ing to detenll ine the 
suitabi l ity lected ites for u e a future well  fields around the ci ty of Lake Ci ty in 
Columbia Count , F lorida and to simulate the impact of pumping 45,420 m3 dail 
( M G D )  on the water tabl , groundwater qual ity, and spring flow in the Floridian 
quifer to meet the future demand. The authors con tructed a regional groundwater flow 
model ( MODFLOW) by using the e i t ing hydrologic condi tions of the karst area to 
predict the \,vithdrawal impact . By matching the potentiometric urface maps and spring 
flow, the model wa cal ibrated within reasonable ranges. A a result ,  the authors indicate 
that due to the karstic nature of the F loridian aquifer, the equivalent porous medium flow 
model wou ld  not be appropriate for contaminant tran port model ing a wel l  a the 
groundwater flow models repre ent the relationships between hydraul ic heads, recharge 
and di charge on a regional scale .  
canlona at a l l  ( 2003 ) evaluate two different equivalent porous media approache at  Barton 
pnng Edward aqui fer:  l umped and distributed parameter, for imulating regional 
groundwater flow in  a karst aquifer and to evaluate the adequacy of these approache . The 
l umped parameter model consist of five ce l ls  repre enting each of the watersheds 
contributing recharge to the aqui fer. For the d istributed parameter model they used 
Modflow code and to estimate the hydraul ic conduct iv i ty distribution was optimized by 
using a combination of trial and error and automated inverse methods. Transient 
imulations were conducted using both distributed and l umped parameter models  for a 1 0-
yr period ( 1 989- 1 998) .  The author 's  conclude that equivalent porous media models  could 
be used to s imulate regional groundwater flow in the highly karstified aquifer. General ly 
the resu l t  h as obtained also a good agreement between measured and simulated discharge at  
Barton Springs using the l umped parameter mode l .  
W hite. W ( 2 003 ) used a l l  mathematical models to  revis i t  the  physical framework. I n  early 
attempt Whi te ( 1 969 ) focused on the variety of geologic setting and the contro l l ing 
influence on groundwater flow patters. Based on the penneabi l i ty .The author describes the 
24 
geologic boundary condition and provide the l ithologic and stratigraphic factor to do 
\\ i th the carbonate bedrock .  B Compari on the aquifer components with the large number 
and d iver e character of aquifer that ha e been examined in detai l ,  suggest that the 
onccptual model i rea onably complete or can at least be ea i ly  modified to new 
ituation . Theoret ical analy is and mathematical de cription are individual ly amenable to 
the pr ce of the groundwater flow. In thi art ic le most of the hydraul ic conductivi t ies, 
recharge tenn , and exchange tenn have been ident ified, and there is  at least the beginning 
of a methodology for obtaining numerical values for these parameters. Also most of the 
geologic boundary condit ion are sufficiently well  understood to a lso be reduced to 
mathematical terms. 
Rozo at a l l  (2005) con tructed a mult icel l  groundwater model to investigate the potential 
improvement in  the mode l ing of karst aquifer . U sing a mixed flow equation suitable for 
both the free surface and pressure flow condit ions in karstic conduits in  a multice l l  
groundwater flow mode l .  The authors proposed model named 3dkflow ( after 3 D  karstic 
flo\ mode l ) .  To make i t  more c learly, he comprise the basic features of 3dkflow with the 
standard groundwater model MODLFOW to get the fol lowing: 
.:. The equation that are used by both 3dkflow and MODFLOW ( McDonald and 
Harbaugh 1 98 8 )  as uming one layer. 
.:. Both MODFLOW and 3 dkflow use inter-node conductivities in calcu lat ions . 
• :. I n  MODFLOW the flow equation and the relation between h and V are substi tuted 
to the cont inui ty equations of a l l  ce l ls  result ing in a set of l i near equations but in 
3dkflow the continui ty equation is  solved sequentia l ly for a l l  reservoi rs 
indi  vidual ly .  
From this tudy i t  came c lear that the Darcy equation may be not appropriate for model ing 
karstic aqu i fers, especial  in the case where combined pring discharge and water level 
measurements exist .  In  this case a mixed equation that takes into account both free surface 
and pressu rized flow in karstic conduits was proved to improve the model perfonnance 
compared to the Darcy equation. Also in the case where only spring di charge 
measurements are avai lable, the use of the mixed flow equation does not improve the 






GEOLOGICAL AND HYDROGEOLGICAL 
CONDITIONS OF THE STUDY AREA 
3. 1 G E N E RA L  D E S C R I PT I ON O F  KRATT ST U D Y A R E A  
Khatt pring in the M usandam penin  u l a  area i s  s i tuated a t  the extreme east o f  gravel 
p la in where it meets the foot h i l l s  of the Oman range at an elevation of about 1 J 0 ft ( 3 3  
111 ) .  Khatt spring area ( study area) located in  northern agricul tural region and occupies a 
port ion of the Mu  andam Peninsula and i ts southward exten ion into the main Oman 
10untain Chain and into the foreland andy desert . The approximate coordinate of these 
pring are 400 00 E and 2833200 in Zone 40 ( Figure3 . 1 ) . There are two main springs, 
Khatt north and Khatt south . There are also several other smal ler springs and hand dug 
wel l s  in the v ic ini ty of the two major springs. An interesting feature of these springs is 
the high temperature of the water which is about 39 Co as compared with a range of 25 -
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Figure 3 . 1  Location map of the study area 
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ccording to HalcrO\\ ( 1 969 ) and IWACO ( 1 9  6) ,  the temperature of groundwater i 
as 'umed to increa e , ith depth from a Ie el of about 20m below ground at a gradient of 
about I .  0 to 2 .0e'/ 1 00 m. The difference between the temperature of the spring water 
and that of ground,vater in thi genera l area uggests that the springs originated from a 
con iderable  depth; perhap about 300m below ground leve l .  I n  1 979. the northern pring 
wa' developed and i t  ha been u ed for recreation purpo es and to support a ubstantial 
u l t ivation of date palm . Khatt catchments area inc ludes Al Hamaranyiah and HabHab 
area ( Figure3 .2 ) .  Ground, ater con t i tute the only water re ource for agricul tural 
act i \' i t ie in  these areas. Khatt area is  regarded as one of the most cult ivated areas in the 
country .  More than 700 fanus were estab l ished in  this area over the last thirty years. The 
oi l  i relat ively fert i l e  and conta in nutrients and other organic matters . To meet the 
agricultura l  water demand in Khatt Ba in area, groundwater re ource have been 
overexploited. Up to now no groundwater flow model i ng studies have been conducted at 
the local cale of Khatt Basin area. 
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F igure 3 . 2  Location map of c i ty and town in NOl1hern Emirates. 
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3.2  C L I M A T I C  CON D I T I ON 
Met rological data btained from the Min istry of En ironment and Water 
Meteorological tations in  the northern emirate ( F igure3 . 3 )  for the period 1 996-2005 
were u ed to provide an overview of the c l imatic condition of the study area. The c l imatic 
element include:  ( 1 )  olar radiation [mW h/cm2] ,  ( 2 )  air temperature [CO], ( 3 )  relative 
humidity [%].  (4) pan evaporation [mm/day] and ( 5 )  rainfa l l  [mm/month] .  The fol lowing 
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Figure 3 . 3  Exi  t ing meteorological stations (Cl imate and Rainfa l l  stations) in the 
northern of Uni ted Arab Emiratis.  
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o l a r  rad iat ion 
The a erage annual hour of un hine in Ras Al  Khaimah is 1 0 . 1  hr/day, with a 
ma I Inum of 1 1 .9  hour in May and a mini mum of 8 . 8  hours in December ( Ra Al 
Khaimah irport meteorological tation ). The high intensi ty of olar radiation in the 
-tud area increa e enhance the water 10 through e apotran piration. In  United Arab 
Emirate the highest solar radiat ion is more than ( 796 W/m2 ) in June and the lowest is 
(425 W m2) in December, with a general increa e from December to June and a general 
de rea e from July to eptember (A I  Shame i, 1 993 ) .  
Tem pera t u re 
The ummer in  Ras A !  Khaimah i hot a erage 35  ec and the winter is warm average 25 
ec year! . The yearly average maximum temperature in the ummer reached 4 1  ec, while 
the minimum temperature in the winter decl ine 1 3  ec. Figure 3 .4  i l lustrated the minimum 
and maximum temperature in Ra Al Khai mah c i ty .  
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Figure 3 .4  The minimum and maximum Temperature in the Ras AL Khaimah (after National 
center of meteorology and Sismology, 2008) .  
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Relat ive h u m i di ty 
Relative humidity IS u ual ly e pre ed a the percentage of the aturation mOl ture 
content for a gi en temperature and pre ure. Relative humidity i very h igh in costal 
area and i t  fa l l  harply i n  land. The maximum relative humidity i genera l ly  recorded i n  
January and the min imum in May. Figure 3 . 5  hows the max imum humidity in year 1 995 
r ached 73 0'0 whi le  the minimum humidity in year 1 982 reached 20% in Ras Al 
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F igure 3 . 5  The minimum and maximum relative humidity in the Ras AL Khaimah. 
Pan Evaporation 
Evaporation in the UAE is  measured dai ly,  usmg the "American c la s A pan". The 
mea urements are adj usted to set an estimate for the reference crop evapotranspiration . 
Figure 3 .6  shows the average monthly evaporation variation in reference crop 
evaporation for Digdaga ( F  AO, 1 980). The average reference crop evaporation in the 
orthem Agricul tural Region is 2 1 1 9  mm ( FAO, 1 985 ) . The crop evapotran piration is 
obtained by mult iplying the reference crop evapotranspiration with the crop coefficient. 
3 1  
The crop coefficient varie for the d ifferent stage of growth. For crop coefficients for the 
orthcm U ar l i sted in  FAO ( 1 9  5 )  and J ICA ( 1 996) .Thi w i l l  be di  cu ed in 
ectj n 4.4. 1 for agricul tu r  Calculations 
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F igure 3 .6  Monthly variat ions reference crop evaporation 111 Digdaga meteorological 
tation (after I WACO, 1 986)  
Rai n fal l  
The average annual rainfa l l  in  the orthem Agricultural Region in  United Arab Emirates 
(which inc lude Ra AI Khaimah) increases from 1 00 mm/y along low coastal areas to 1 40 
ffiJT1 Y i n  the mountains  area ( Figure 3 . 7 ) .  The major part of the annual rainfa l l  takes place 
during few storms general ly between January and March which have duration of few 
hour . The dai ly annual rainfa l l  i n  Khatt metrological station is l i sted i n  Appendix A .  
Ruus  a l  Jabal Peninsula is  formed mainly of penneable l imestone and dolomites, of the 
order of 3000 meters thick ( Hudson, 1 959) .  Prec ipi tation entering these beds wi l l  be 
guided by joint  and other openings and by the att i tudes of the folded beds, which Dip 
northward. Outflow of  groundwater from these beds wil l  occur either at sea level or 
3 2  
through high level pring occurring where impermeable beds pond back the flow into 
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Figure 3 . 7  M ean annual rainfa l l  map of the UAE ( UAE national At las, 1 993) .  
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I n  order to a sess the effect of rainfa l l  events, monthly groundwater level data for RK- 1 4  
and Khatt- 1 ob ervation wel l  i n  Khatt area ( Figure 3 . 8 )  have been selected for the 
groundwater table analysi (Appendix B ). A s ignificant variation in the groundwater level 
re ponse to recbarge events with the fl uctuation of water table up to 1 9m ( Figure 3 .9 ) .  
The maximum groundwater levels were observed on March of 1 997 .  The maximum 
water table fl uctuation was found in  wel l  Khat- 1 which is  very c lose to the southern 
pring of khatt site as wel l  a in wel l  RK- 1 4  which is located in Habhab area south of 
Khatt ( F igure .  3 . 8 ) . This i s  a lso was reflected in the amount of outflow from the n0l1hern 
spring ( Figure 3 . 1 0  and table 3 . 1 ) . For example, outflow of the northern Khatt springs 
varied from less than l O lls in dry years ( 1 986, 1 994, 200 1 and 2004 ) to more than 50 lis 
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F igure 3 . 8  Location maps of the existing monitoring wel ls in  the study area. 
Table ( 3 . 1 )  Drought impact on flow rate, and water temperature of Khatt north springs 
orth spring s i tuation in the period 1 979- N orth spring situation in the period 
1 998 (Wet period ) 1 999-2004 ( Dry period ) 
Outflow ranged 1 0-60 lis Outflow ranged 1 -30 lis 
Rainfa l l  rate ranged 60-450 mm/year Rainfa l l  rate ranged 20-66 mm/year 
Source water temperature ranged 39 - 40 °C Source water temperature 39 -40 °C 
I rrigation fa laj are only work ing wi th 
I rrigation fa Jajs are working without pumping 
pumping from hand dug wel ls 
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Figure 3 . 9  Water table fluctuations in wel l  RK- 1 4  and Khatt- l in response to the 
amount of annual precipi tation . The water table measurements are shown as month ly 
values in  meter above sea level ( rna I) ( M EW, 2005 ) .  
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F igure 3 . 1 0. Annual inflow rate variations in  the north and southern spring in response 
to the yearly amount of precipitation in meters above sea level (masl ) ( MEW, 2005) .  
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3.3 G E O M O R P H OLOGY S E T T I NGS 
The land ape in that region i characterized by rapid change of  rel ief, which exceed in  
pia ' mor than 2000 111 1 11 a rather short horizontal di tance. Th is phenomenon is 
manifc ted between the harp peak at Ruu I Jabal and the low and narrow coa tal 
plain to the north of Ra AI  Khaimah . To the south of Ras AI Khaimah, the coastal plain 
a wel l  as the in land plain becomes wider and the contra t between the low land areas (A I  
Hamaran iah ) and the  highland area to  the ea  t becomes les  pronounced. ( Figure 3 . 1 1 , 
3 . 1 2) 
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Figure 3 . 1 2  Topographic map modified from a DEM for the orthern Emirates. 
3.3. 1 The H aj a r  M ou n t a i ns 
'" '" '" '" N 00 N 
The upl ifted ridge of Hajar (Oman ) Mountains nms para l le l  the east coast of the UAE 
( Figure 3 . 1 1 ) . A t  their highe t point in the Musandam Peninsula, they reach a height of 
:2000 meters ( F igure 3 . 1 2 ) .  There the mountain s lopes drop directly into the sea .  This area 
i known local ly a the Ruu Al Jabal, l i tera l ly  the 'head of the mountains. The Ruu Al 
Jabal exposes the thick equence of M esozoic carbonates of the Arabian Platform which 
correlates with the principal oil bearing strata that lie deeply buried to the west. At I dhn 
c lo  e to the southern port ion of the ridge the carbonate rocks give way to Hawasina­
Ophiol i te  series that are strongly deforn1ed along a major fracture zone oriented 
northeast-southwest, and cont inuing to Ras Diba in the Eastern Agricul tural Region. 
orthwards from that fracture zone, the ridge disp lays examples of folding and over 
thru t ing morphology ( F igure 3 . 1 1 ) . 
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I n  addit ion to thi  wadis  and morphotectonic depre ion , fi l led with a l luvial  ediment 
are cbaracteri tic feature of the land cape. In the area betw'een Sham and Burayrat 
( F igure .2  3 . 3 ), th edge of the ridge rises abruptly from the nan-ow Coastal Plain,  
which i e en mi  ing at ham ( F igure 3 . 1 1 ) . That edge is  strongly dissected by the 
ut let' of the hort and rather teep wadi , which add more to the comple topography of 
the area. outhward from Burayrat, the edge of the Structural Ridge continue to Kl1att 
and even further to the outh, but " ith Ie s pronunciation in rel ief. 
3.3.2 T h e  Western Baada (The gravelly p l a i n )  
Thi  i composed of  a complex set of aUu  ia l  fan along the  base of  the  Structural  Ridge 
( F igure 3 . 1 1 ) . Bet\",een ham and Rams ( Figure 3 . 2 ) ,  the bajada plain i i l l -defined and 
the a l l uvia l  cone are een extending direct ly to the ea or concealed underneath the 
coa tal sabkha or the coa tal wetland area ( F igure 3 . 1 2 ) .  Dri l l ing for oi l  in that 
part icular portion of the orthern Agricultural Region points to the occun-ence of the 
wadi a l l u  ia l  deposit at a depth of about 200 m below sea level, which may be evidence 
of the ubmergence of the Bajada and also the Coastal Plain ( F igure 3 . 1 1 ) . Pronounced 
ubmergence i manife ted to tbe nort b  of Ras Al  Kl1 imah c i ty .  Southward from Ras Al  
Kl1aimah, the  v idth of the We tern Bajada increase gradual ly to more than 1 5  km at At  
Hamaranyiah. The urface of the Bajada i ei ther underlain by flattened gravel ly deposits 
or by mud flat depo i t  and is  occasional ly dotted with shifting sands. The shi fting sands 
form in the portion to the north of J iri Plain topographical mounds and elongate ridges 
ri ing more than 25 m above the plain surface. Again the plain surface slopes regional ly 
north and northwestwards from approximately 1 00 m c lose to Al Hamaranyiah to near 
sea Ie el at D igdaga and Ra Al Kl1aimah ( I WACO, 1 986) .  
3.3.3 Sandy De ert 
M ost of the urface of the pre ent day UAE i s  a sand desert, stretching from the Arabian 
Gulf  coa t south to the unbroken and uninhabited sands of the Empty QU311er, and east to 
the gravel p la ins bordering the Hajar Mountains ( F igure 3 . 1 1 ) . The desert is  a 
geological ly recent feature, the resul t  of prolonged Sub aerial erosion and deposit ion in 
an arid en ironment .  The sands overl ie the thick, o i l -rich sedimentary strata of the 
Arabian P lat form which const i tutes the bedrock of most of the UAE, but the oi l  
produc ing rock are nowhere exposed at the surface, and are known only from dri l l ing. 
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In  many area near the coa t, the and i tabi l ized by vegetation, although the natural 
n ra ha been a l tered in  recent time by extensi e grazing of dome t icated animal . 
Further in land the and may be quite barren a few plant can successfu l ly colon ize the 
mobi le dunes. In the orthern Agricultu ral  Region, the Structural  Plain is only occupying 
a mal l  portion of the outhwe t corner and merging the sandy desert . The fol lowing 
Iandfornl are distingui hed in that part icular port ion of the Northern Agricultural 
Region: 
'.' The elongated and dune ridges; genera l ly  with a northeast - southwest orientation . 
• :. The inter dunal depre ion , the bottom of which is strongly deflated . 
. :. The playa-surf aces or mud-flats associated with the downstream port ion of Wadi 
Lamhah.  
and dune formation i contro l led by a combination of wind strength and direct ion, and 
ediment upply. In deta i l ,  however the fornlation of dune patterns is complex and 
remains poorly under tood. W ithin a given area the dune pattern may be quite regular, 
but al 0 "ery intricate. Physical features are typica l ly  created on several different sca le : 
giant and ridge on a scale of hundreds of meters to a few ki lometers, sand dunes 
mea ured in meter to ten of meters, and ripples on a scale of centimeters to a meter or 
more. Thi h ierarchy can be readi ly  observed in the de ert of the UAE.  
ince dune patterns vary with wind direction, sea ona l  or  occasional variations in wind 
direction i ntroduce new e lements i nto the overa l l  pattern . These elements may reinforce 
or cancel each other, in the same manner as ocean waves. In addition, because sand dunes 
cannot move or change as quickly as ocean waves, past history may play a signi ficant 
part in what we see today. Despite relatively consistent prevai l  ing wind directions in  the 
present day UAE,  dune patterns and a l ignment vary considerably from area to area. 
3.3.4 T h e  Coastal  P la in  
I t  i s  sk irting a portion of the  southern and ea  tern coast of the  Arabian Gulf  ( F igure 3 . 1 1 ) . 
The urface has common indications of  gradational processe which are best indicated 
by the onshore deposition of sandy beaches and the near shore development of spit , 
l agoons and sabkha flats ( H alcrow, 1 969, and IWACO, 1 986).  
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3.4 G E O LOG I C  L ETT I NGS 
3.4. 1 E Geological  ett i n g  
I n  the  E ,  900 0 of  the urface area i occupied by  uncon ol idated sedimentary rocks of 
enozoic age that have a thickne exceeding 200 m largely Abol ian and a l luvial  origin. 
The other remai n i ng 1 0% of surface area, which is mai nly located in the Hajar 
10untain , i  dominated by con ol idated rock of Mesozoic age. The e rocks Mesozoic 
d iff! rent iated into two units :  
.:. Younger a l lochthonou unit which identify the samail ophiol i te suite and the 
Hawa ina eries. ( The age of this unit i s  upper cretaceous)  . 
. :. Older autochthonou unit  comprising es ent ia l ly carbonates and quartzites. This 
unit  i divided into sub-unit  a signed to the Ordovician, the Perrno- Traiassic and 
the J urassic- cretaceou . 
3.4.2 Loc a l  Geologica l  Sett ings 
The geological map of the study area ( F igure 3 . 1 3 ) indicates that the study area l ies on 
the western side of the orthem Oman Mountains which are comprised of the Jurassic to 
Cretaceou M u  andam Group l ime tones. These mountains rise above the western l i ri 
coa tal p la in,  which consi t of late Tert iary to Recent a l l uvial sediments overlying the 
late Cretaceous Juweiza Formation ( Figure 3 . 1 4) .  The Juweiza is  a fly ch- l ike sequence 
of marl and hale with varying admixtures of coarse detrital debris of chert, basic 
Igneou rock .  and l ime tone. The exposed section has an estimated thickness of more 
than 1 000 m and i d ifferentiated into two major group : 
1 .  An o lder group, developed almost tota l ly  into karstified carbonate rocks, M iddle 
Cretaceou to Permian and i nc luding the Jurassic and the Trias ic .  This  group is 
d ifferent iated into 3 subgroup ( F igure 3 . 1 4) :  
.:. An upper sub-group entit led Wasia as igned to the Middle Cretaceous . 
. :. A middle sub-group entit led Musandam assigned to the lower Cretaceous and the 
J urassic . 
. :. A lower ub-group entit led Ruus A l  Jabal assigned to the Permian. 
40 
2 .  younger group, de eloped into c ia  t i c  facie , having a thickne rarely exceeding 
1 00 in and belonging e ential ly to the Quaternary ( ee Figure 3 . 1 4) .  These facie are 
dominant in th low land areas stretching from the mountain range to the western 
c a tal trip and are al 0 represented in  the bottom of the drainage l ines dissecting 
the mounta in range. Thi younger group reflects a variety of environment of 
dep i l ion,  including the aeol ian, the fluviati l e, the lagoonal, the shal low marine and 
e ntua l ly  the evaporat ion environment. 
In the ub urface of the low land area, which goes to the coastal p la in ,  other rock units 
are recorded ( Figure 3 . 1 4) and compri e :  
'.' The thick eogene hale and anhydrite facie  ( 2000 to 4000 inch) .  
'.' The truck Paleogene a l t  and shale fade ( 1 000 to 3000 inch) . 
. :. The upper Me ozoic hale and conglomerat ic fac ies (more than 1 000m). 
The area ha been subjected to two maj or tectonic event . These are the thm ting of the 
Hawa ina Formation and the Samai l  Ophiol ite over the Musandam l imestone in the 
pper Cretaceou and then the formation of the Oman Mountains due to folding, fault ing 
and thm ting in  the mid Tert iary.  Thi re u lted in the fonnation of the major northeast­
trending ant ic l inal  tructure through the Mu andam Mountains, the Hagab Thru t fault  
along the western edge of the mountains and the l i ri plain, and the Dibba Zone to the 
outhea t, wi th the Batba M ahani thrust mnning along the val ley of Wadi Tawiyean . 
Con equent ly  the M usandam l imestones are strongly faul ted, with major trends running 
northeast (para l le l  to the Dibba Zone thrusts ), north, and northwest. The subsurface 
geological tructure i very compl icated by over-thrusting c lose to the mountain edge and 
by normal step fau lt ing in the coastal d irection to the west ( F igure 3 . 1 4 ). 
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Figure 3 . 1 3  Geological map of Khatt springs area inc luding well  locations, and the 
location of Khatt springs catchments area ( modified after IWACO, 1 986). 
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3.5 H YD RO LOG I C A L  ETT I N G S  
Figure 3 . 1 5  pre ent the hydrogeolgoic etting o f  the Ras Al Khaimah area and bows 
that the Hajar Mountain tructural Ridge act on the main watershed area. The main 
northern \ adis ( Wadi ham up to Wadi Al  B ih )  and then Wadi Lahamah in the outh 
b long to tbe rabian Gulf drainage bas in .  From Wadi aqab outhward the wadi 
bel ng to the internal drainage system and debouch into the Structural Plain .  The flood 
are poradic ( average 2-5 da per year) and general ly, do not last longer than a few 
hour . I n  other \ ords, the flO\ in wadis i as variable as the rainfa l l .  However, 
occa ional c loud bur t affect the e levated area (once every four or five years) which 
re ult in  hea y torrential  ra infa l l  and ause major changes to the landscape. 
3.6 U A E  H YD ROG E O LOG I CA L  S E TT I N G S  
The geomorphic unit  p I a  a d ist inctive role  in defining the hydrogeological province 
( Figure . 1 5 ) .  The hydrogeological provinces in the northern portion of the tnlctura l 
ridge are predominantly fissured and karst ified carbonate rock which having a good 
water bearing potentia l .  I n  the southern portion of the structural ridge, predominantly 
compo ed of hard rocks having l imi ted potential unless fi sured carbonate rocks are 
proven i n  it is core. I n  this area the water bearing potential is c losely related to fractured 
i l iceou rock . In the \vestern Bajada the water bearing quaternary sediments are in 
p lace underl ing by carbonate rock belonging to the Mesozoic ( F igure 3 . 1 4) .  The eastern 
Bajada i rather narrow and has l imited groundwater potential . From the pervious 
de cription, i t  i s  conc lud ing that the geomorphological units are general ly coinciding with 
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Figure 3 . 1 5  Hydrogeologic maps of the orthem Emirates ( IWACO, 1 986) .  
3.6. 1 Local  H y d rogeological Sett ings 
The dri l l ing information of more than th irty water wel l s  dri l led in  the period 1 969-2004 
( ee F igure 3 . 8  for the location of these wel ls )  of more than thirty water wel l s  dri l led in 
the period 1 969-2004 ( Figure 3 . 1 6, Appendix  C) wa used together with the available 
hydro-geological map ( I WACO, 1 986) to construct :  
a )  A digital updated hydrogeological map of the Northern Emirates ( Figure 3 . 1 7 ) .  
b)  Several subsurface geological cross sections along d ifferent direction . An 
example  of these cross sections is shown in F igures 3 . 1 8-3 . 1 9 . 
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F igure 3 . 1 7  Hydrogeological map of the study area, 
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Figure 3 . 1 8  South-north cros section passing with Khatt springs ( MEW, 2007) .  For wel ls 
location see figure 3 . 8  
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F igure 3 . 1 9  Subsurface cros section from wel l G P- 1 2  In the west to well  RK- 1 4  In  the 
east ( M EW, 2007) .  For wel l  location see figure 3 . 8  
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The hydro-g ological map ( F igure 3 . 1 7 ) ,  indicate that there are two groundwater 
aqu ifer : 
3.6. 1 . 1  Quaternar. a q u i fer 
I t  over the major portion o f  the W e  tem Bajada and the Structural Plain and is  hence a 
\ et exten i e aquifer ( F igure 3 . 1 1 ) . Unfortunately the aquifer contains predominantly 
brack i  h or aline groundwater. Only in  zone along the tructural Ridge, and e pecial ly 
in the Bajada , does the aquifer hold large quantities of fre h groundwater. I n  large 
port ion of t he tructural Plain the Quaternary i s  underlain by M iocene deposits. The 
upper port ion of the e M iocene deposi ts may be water bearing and pern1eable .  In these 
area the Quatemary ediments and the permeable Miocene sediments constitute one 
aqui fer. These are known to be pre-Quaternary channels within which a relatively thick 
equence of Quaternary edi ments ha accumulated ( F igure 3 . 1 4) .  The l imits of these 
channel deposit  are d ifficul t  to define. The Quaternary aquifer in the major portion of 
the Western Baj ada and i ts adjacent part of the Structural  P la in  seems to be moderately 
productive ( F igure 3 . 1 7 ) .  In the area to the north of Dhaid ( F igure 3 . 3 ), the Quatemary 
aqui fer i l e  than moderately productive.  
The Quaternary aquifer in the coastal area are wedge shaped. The aquifer occurs along 
the coa t from Ras Al Khaimah to Shams and in an area to the south of Ra Al Khaimah. 
The portion south of Ra Al  Khaimah i an extensive highly productive aquifer and is 
colored b lue. The coa ta l  aquifer between Ras Al  Khairnah and Shams is  considered to be 
a local highly productive aquifer ( F igure 3 . 1 7 ) .  No rel iable data are avai lable on the 
poro ity. The sediments of the aquifers are genera l ly  uncon ol idated. 
3.6. 1 .2 J u weiza a q u i fer 
J uweiza aquifer is  of Upper Cretaceou age ( F igure 3 . 1 4) .  The area where the Juweiza 
aqui fer is expected i covered by Quatemary sediments and located north of Madam town 
( Figure 3 . 2 ), which includes the major port ion of the Western Bajada and a minor portion 
of the tructural P lain ( F igure 3 . 1 1 ). 
The aqu ifer is mainly made up of sediments ( Figures 3 . 1 7  - 3 . 1 9) which were deposi ted 
during the period when. nape folding and faul ti ng in the Structural Ridge took place. 
Lateral changes in l ithology are very COlnmon. The productiv ity of the Juweiza aquifer 
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vane from very low to high. The main productive water bearing layer are l imestone 
la er . number of wel l  'V hich were dri l led in the aquifer were unproductive ( for 
example B H R-2, B H R-3 and BH R-4). The pumping te t re ults of well  with creens in 
the Juweiza aquifer are urnmarized in  Table ( 3 .2 ) .  In the orthern Emirates the 
product ivi t  of the Juweiza aqu ifer i genera l ly  low. Only in  the vic in i ty of well  G P-8/8A 
a moderate product iv i ty of the aquifer is expected. The torage coefficient , as calculated 
from the pumping te t with a piezometer, shows value in. the range from 0,00 1 to 0,02, 
indicating emi-confi ned aquifer condit ions.  Thi emi-confined behavior occurs only in 
the \' ic in i ty of the pumped wel l  . On a regional scale the Quaternary and the Juweiza 
aquifers behave as one ingle aqu ifer system. The poro ity of the Juweiza aquifer is 
unknown and e t imated to be less than 5°'0. 
The fluvia l  ediment in  the area underlain by Hawa ina and Smail  ophiol i te rocks are 
predominantly old terrace depo it , probably of Tert iary age. These terrace deposit are 
genera l l  cemented. Water bearing properti es are thought to be related to fracturing. The 
pre ent wadi are inci  ed in the old terrace deposits .  
3.6. 1 .3 C arbonate a q u i fer 
Carbonate aqu ifer that refer to the exposed thick M usandam l im estone of Jurassic -
Cretaceou age in the mountain ( Figure 3 . 1 4) .  These carbonate layers are composed of 
wel l  jo inted, karst weathered ( Figures 3 . 1 7  - 3 . 1 9 ) ,  thin bedded nodular, fragmental and 
porcel lanou dolomitic l imestones and also l ime tones interbedded with calcareous 
shales. The e beds dip at a very h igh angle, up to 900, to the west and have been planed 
off, probabl y  by marine erosion, at about 600 feet abo e sea level for about 2 ki lometers 
into the mountain front .  Various north-south trending folds can be seen on the aerial 
photographs on the western strip of the main mountain mass if. At Khatt, these beds are 
l inked to the gravel p la in  layers in the fol lowing ways: 
As the western flank of a north-south trending anticl ine.  
As the eastern up throw side of  a north-south trending fau l t  bounding the mountain 
front.  
As the 'nose' of  a thrust of the M esozoic l imestone fac ies to the west over a 
radiolarite - serpent ini te facies, as exposed in  Wadi Hagi l .  
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Table .2 : Pumping te t re ults in the Jm: eiza aquifer. ( I WA 0, 1 986) 
Easting l'.orthing pecific aturated Transmis ivity Storativity 
"lame capacil) Thicknes 
( m)  ( m )  (m3/h r/m) (m)  ( m2/da ) mJ/m2 
C P I / I A  394 96 2802 1 22 1 .8 1 42 7.6 0.006 
CP2 38874 1 2804271  0.7 1 05 2.7 -
C P3 399780 280462 1 3 1 84 6 . 1  0.00 1 1 
C P4 39545 1 2820702 0.2 3 1 2  1 -
C P6/6 385858 27825 1 1  29 1 23 1 1 66 0.02 
C P8/8A 3887 1 8  2822739 7.6 1 76 270 0.003 
C P I O/ I OA 39388 1 2790978 4 . 1  320 264 0.00 1 
C P I I 384 1 1 5  2773 1 98 28 1 66 480 -
C P I 4  40 1 0 1 7  289 1 573 6.2 1 26 230 -
C P 1 5  39 1 7 1 7  2792509 5 1 26 1 56 -
C P 1 61 16A 396682 279825 1  2 1 43 1 20 0.003 
















Thi aquifer i al 0 named Hajar aqu ifer after the Hajar Super Group ( F igure 3 . 1 4 ). The 
carbonate rocks inc lude some c layey l ayers. The borehole dri l led in the carbonate rocks 
indicate that karsti fication (e .g .  wel l  Khatt spring - 1  show in F igures 3 . 1 6, and wel ls RK-
6, RK-9, R K- I I and R K- 1 4  show in Appendix C) occurs up to a depth of at least several 
hundred of meter below the land urface. Karstification occurs predominantly in zones 
which are fractured by tectonics. The aquifer continues to the east and to the north in  
Oman. 
To the west the aqu ifer i bounded by a faul t  zone. A long this zone the karstified 
l ime tone are in  contact with Jes penneable sediments ranging in age from Upper 
Cretaceous (Juweiza ) to Quaternary (F igure 3 . 1 4) .  In the subsurface of the Western 
Bajada the aquifer occurs general ly at a depth of at lea t a few k i lometers below the 
ground leve l .  At these depths the e rocks contain sal ine water. 
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The tran mi ivity of tbe aquifer ( Table 3 . 3 )  is due to kar t ification whereby water i 
pr dominantl tran mitted througb the main fracture . The pecific capacity val ues of 
the e well are high > I Om3/hr/m). The tran rn is i i ty value provide only information 
about the fractured zone in the immediate urroundings of tbe wel l .  The poro i ty of the 
aqu ifer i e ti mated from the cal iper log by urnrning up the width of the main fracture . 
The por i ty of the wel ls  range from 5% to 1 5% with an average value of 1 0%. ote 
that E CO ( 1 9  5 )  give val ues ranging from 2% to 1 4% for poorly fissured to 
fi ured l i me tone. 
In  our a e ment of torage of groundwater a value of 1 0% is  assumed. 
The Quaternary wadi depo i t  in the mountainous area underlain by carbonate rocks are 
local l  water bearing and highly producti e, for example in the New well  field located 
ea t of Ras I Khaimah. The Quaternary sediments were tested in wel l RK-5 . The 
tran rn i s iv i ty , a 297 m2/day and the pern1eabi l ity 1 0 m/day. 
The Quaternary depo it in the up tream port ions of the main wadies are dry. In these 
portion the groundwater table i below the base of the Quaternary sediment . KJlatt north 
pring emerge about ten yard we t of the main l imestone foothi l ls;  south spring i ues 
direct from the l ime tone a bedding plane ( F igure 3 .20) having been excavated to 
increa e the flow.  
Table 3 . 3 :  Pumping test  results of the Hajar aquifer ( I WACO, 1 986 AND MEW, 2005) .  
Wel l  :\fame Specific capacity Transmis ivity Stratigraph ical .  horizon 
( m3/hr/m) ( m 2/day ) 
KhSW- l ------ 40 Cretaceous ( U pper M usandam) 
R K - 5  23 288 Triassic ( Rus AI J iba l )  
RK - 6  H igh H igh Permian (Rus  AI J ibal )  
RK - 9  50 382 Triassic ( Rus AI J ibal )  
R K - 1 1 27  580 J u rassic ( Lower M usandam) 
RK - 1 4 67 2800 Cretaceou ( U pper M usandam) 
RK - 1 5 26 1 40 J ur. /Cret. (U pper M u  andam) 
R K  - 1 6 1 1  66 J u r. ICret. ( Upper M usandam) 
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Figure 3 . 20 A picture  of the southern spring and its fa laj in  January 30, 2005 ( left )  and a 
hand-dug wel l  50  meters north of the northern spring where water is flowing i n  the 
i rrigation fa laj wi thout pumping (right) .  
3.7 AQU I FE R  P A RA M E T E RS 
To determine the hydraul ic  parameters of Northern Emirates aqu ifers mentioned above, 
everal tep drawdown and twenty two continuous pumping tests were conducted for the 
newly dri l led production wel ls  during the period 1 986-2005.  These pumping test where 
reanalyzed by using G . W . W  and Aqua test software. Furthermore, several pumping tests 
were done u ing available observation wel ls .  The tests were randomly distributed in the 
tudy area. Conventional wel l  hydraul ics theory is based on the assumption that laminar 
flow condit ions exist i n  the aqui fer during pumping. I f  the flow is laminar drawdown is 
d irect ly  proportional to the pumping rate.  Turbulent flow occurs in some wel ls when they 
are pumped at a sufficiently h igh rate.  U nder turbulent conditions, the l i near relat ionship 
between drawdown and pumping rate no longer holds, and part of the drawdown is  
general ly related to the pumping rate raised to a power greater than 1 .  More importantly 
in that a l l  tradit ional wel l analysis method are for pours medium not conduit flow. 
When turbulent  flow occurs, the we1l specific capaci ty wi l l  dec l ine, often dramatically, as 
the discharge rate is  i ncreased. In this case, i t  is useful to have means of computing the 
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turbulent and laminar drawdown component in order to make proper calculation 
c nceming the optimum pumping rate and pumping- ett i ng depth. 
The tep-drawdown te t ha been developed to e amine the perfonnance of well  having 
turbulent flo ( Jacob, 1 946) .  In a step-drawdown test, the well  i pumped at several 
ucce ively higher pumping rate and the drawdown for each rate, or step, is recorded. 
The ent i re test i u ual ly conducted during one day, and calculat ions are impl i fied if a l l  
the pumping t imes are the same for each discharge rate. Usua l ly five to eight pwnping 
tep are u ed, each la ting 1 to 2 hours. The data from a step test can be used to 
detennine the relative proport ion of laminar and turbulent flow occurring at any pumping 
rate. 
Two tep- drawdo\,,'ll te t in the study area for a production wel l  which dri l led in 2004 
and currently used for feeding the swimming pool of Khatt Spring Park during drought 
t ime. ( See fig .  3 . 1 6  for the l ithologic log) .  The B ierschenk's method ( Drisco l l ,  1 986), was 
u ed to analyze the te ts data. Figure 3 .20 shows a plot of pumping rate ( m3/s) against 
drawdown ( m )  with B and C calculated as 7.65 and 6.  I respectively, where C is  the slope 
of the straight- l i ne plot and B i the intercept. The interpretation results ( F igure 3 .2 1 )  
indicate that 43% of the flow is  laminar flow when the discharge is  low. The flow is  
turning more turbulent  as the pumping rate increases. When the flow is  682 m
3/day only 
32 .4% of the flow i laminar flow. 
Pumping tests are important to detennine the specific capaci ty of a wel l ,  and i t's radius of 
influence. For each pumping rate the water level was mea ured unt i l  the water level 
approache the teady tate condit ion. The result  of these test indicated the presence of a 
clayey sand l ayer on the top. Therefore, the a l luv ial aqu ifer was considered as semi­
confl lled aqu ifer and Hantuch method was used for interpretation pumping te t data. 
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Pumpi ng Test I 
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Figure 3 .2 2  A semi- log plot of the drawdown for KhSPW- l 
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Figure 3 . 22  how a emi-log plot of the t ime again t drawdown for KhSPW- l .  The 
pumping te t data was analyzed automatical ly u ing GWW software ( Figure 3 .22)  and 
the obtained fit between ob erved and calcu lated drawdown is  not to satisfactory l imit .  
the calcu lated tran ma ivity by this interpretat ion is 39 .7 m2/day, while the 
calculated value for wel l  RK- 1 4  which i very c lose to this wel l  is 2800 m2/day 
( 1  0, 1 9  6) .  Thu , the draw down data wa reinterpreted manual ly as hown in figure 
3 . 20.  The calcu lated alue of the transma si i ty is  6257 m2/day. A l l  other results of the 
remaining wel ls  are pre en ted in Appendix D. 
The calcu lated Transmi s iv i ty value are l i sted in Table 3 . 2  and 3 . 3 .  Transmissiv i ty 
value ranged between I e  than 1 and 6257 m2/day. To detem1ine the Storativity value, 
ome of the pumping tests were conducted w ith the shutdown of nearby production wel ls 
and one of  them was u ed as an observation wel l .  The distance between observation and 
pumping wel ls  ranged from 20 to l OO meters. The calculated storativity value ranged 
between 3 .4 to 7 . 3 *  1 0-
3 . 





GIS - BASED HYDROGEOLOGICAL 
DATABASES 
4. 1 I T RO D U CT I ON 
'\ i th the recent technical development in areas uch as information technology, remote 
'en ing, databa e. and geograph ic infonnat ion ystem (G IS) ,  the available information to 
hydrologi t ha been exploded in the last two decades. However, st i l l  the procedures of 
col lecting and uni t ing d ifferent type of data in one single fonnat are required to provide 
a further proper frame\ ork cience ( Jantzen,  and Maidment, 2007) .  
The u age of GIS in  recent year has been growing rapidly in  groundwater management 
and re earch.  It is widely used to create digital geographic database, prepare and 
manipulate the data as input for variou model parameter and d isplay model output 
( Gogu et at 200 1 ). G I S-ba ed hydrogeological databa es could be used to support data 
by u ing vul nerab i l i ty numerical mode l ing for the groundwater flow model ing studies. 
The main objectives of the G I S  databa e7formu lation in  hydrology are: 
'.' 
Development of a single database compn mg a l l  prevIOus avai lable 
hydrogeological ,  geologica l information . 
Use the powerful patial analysis of G I S  to analyze this data to determine the 
quanti ty of the avai lable groundwater resource in  Kbatt Spring area . 
. :. Developed an integrated G I S-based numerical t ime dependent three-
d imensional transient groundwater flow model for Kbatt Spring area . 
. :. U se the graphic  capabi l ities of G I S  to create the geopotential maps needed for 
the sustainable water resources developments in the area. 
60 
4. 1 . 1  G I  a n d  H .  d rogeolog Data 
The informat ion and data required by hydrogeological studie are ery comple . The e 
information include geology, h drology; g omorphology and topography data. The e 
data are col l ected from mUlt iple ource , have different formats come in different 
pr �ection , for d ifferent date range , at d ifferent spat ial and temporal resolution , and for 
different geographic areas . The e data could be managed and archived by u ing G IS  
capab i l i t ie  . G I  can be  defined a a sy  tem of  inputting, storing, manipulat ing, and 
utputt ing of geographical ly referenced data. Al 0 the G I S  can be defined as means of 
repre enting the real  world through integrated layers of con t i tuent spatial infonnation 
(Corw in  and Wagenet 1 996).  G I S  can be represented a objects such as point, l ine,  or 
polygon . In Hydrogeology, these objects could repre ent well , piezometers, borehole , 
or zone of  protection. Manipulat ing and toring the data through re lationships can be 
achieved with GI packages by u ing georelational model or geodatabase model they 
repre ent an improvement in the implementation of the georelational model .  (Gogu et aI, 
200 1 ) . 
4. 1 .2 As embl ing  G r o u ndwater M odels Using G I S  
I n  generaL geographic data proce sing can b e  classified a s  subfield o f  data proces ing. A 
c lear di t i nction exi ts between geographic data processing and process based modeling 
and between the e form of model ing the re lationship mu t be establ ished. For example 
to create a digital  version of the real geographic form, the geographic features must be 
mode l l ed, where the proces based model ing using equat ions to describe the physical 
proces that to be s imulated ( Gogu et ai, 200 1 ) . A model ing groundwater flow and 
contamination transport in aquifers represents pat ial  and temporal variations that require 
the integration of determinist ic proce s based model with G IS .  Due to heterogeneity of 
aqui fer , model ing physical and chemical processes in these aquifers require 
representing model parameters in a l l  point of the three dimensional spat ial space (x ,  y, z) .  
Mostly these data can be a sembled using GIS though three technique : a )  loose 
coup l ing, b) t ight coupli ng; and c) embedded coupl ing. In loose coupl ing, the G IS  and the 
model represent software package and the data transferred through input and output. The 
coupled software package are independent of the system. In t ight coupling exporting the 
G I S  performed data to the model .  In this type of technique, the data automat ically 
exchange such a the groundwater model as l ink between the spat ial  database and 
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M DF LOW, MODP T H ,  and MT3 D finite-difference software package embedded 
c upl ing. The la t type of these technique i avai lable when the model is created by 
using the 0 1  programm ing language or when a simple G IS  is ass imi lated by a complex 
m del ing y terns (Oogu et a I ,  200 1 ) . 
4. 1 .3 G I  A p p l icat ion i n  G ro u ndwater N u merica l Model ing  
imulation model play an important role in e t imating the  groundwater potential and 
predict ion of aquifers response to groundwater pumping and recharges. A numerical 
model uch as MODFLOW ( M c Donald and Harbaugh, 1 988)  which pro ide the efficient 
tool to assi t in water re ource decision proce s ( John on et aI, 1 998) .  O IS  appl ications 
can increase th effic iency and capabi l i ty of groundwater models in ca es where temporal 
and patial variab i l ity need to be considered in groundwater imulations. One of the G IS  
capab i l it ie  i handl ing the large sca le spatia l  and non spatial databa e to  perfOIm 
complex analysi uch a 0 erlaying maps; creat ion of variou types of databa e and 
integration by imulation model . ( Mane et a i ,  2007) .  There are four main G I S  appl ication 
recogn i ed in groundwater tudie : 1 ) . management of hydrogeological data and general 
hydrogeological analy i , 2 ) .creation of geopotential map; 3 ) .vu lnerabi l i ty asses ment, 
and The fir t three appl ication represent the exten ion of hydrogeology in G IS  
technology, where the la t application mainly consists of developing of  the interaction 
between G I S  and dynamic models ( Mane et al; 2007 ) .  In  this study appl ication 1 ,  2 and 4 
were used to v i  ual ize and quantifY the patial variation in  the hydrogeological 
parameter and the phy ical boundaries of the model layers as well as to create data input 
fi l e  for the model .  
4.2 D ATA C O L L E C T I ON 
The primary data for the tudy area were col lected in  different formats (hard copy output 
of reports, sate l l i te image soft and hard copies; spreadsheets) ,  from several sources 
including m inistrie , authorit ies, and govemment projects. The main source is the 
M i n istry of Environment and Water as main ource ( MEW) .  Other source inc ludes the 
min istry of survey and national and intemational technical reports and publ ished 
l i terature uch as HaJcrow, Sir W i l l iam and partners ( 1 969), the consultant for water and 
Environment the etherlands ( l  WACO, 1 986),  and Japanese I ntemational Agency for 
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I nternational De eloprnent ( J 1  A. 1 996) .  Table 4. 1 i l l ustrates orne of the e data ource 
and type . 
The original data \ hich \: as digit ized to bui ld the databa e and create thematic layer are 
ho\\ n In ppendi e A -D.  ppendix A contain the dai ly annual rainfal l  in Khatt 
"tat ion and app ndi B contain the summery of observation wel l s  data. As wel l  a 
appendix contain the l i thological log of the well  and appendi 0 contains the 
pumping te t of the wel l  . Table  4. 1 l i sts the different categorie of the e data. All the 
G J  data layer are put into the same projected coordinates sy tern, which is UTM-WGS-
1 9  4 zone 40N . 
4.3 M O D E L  D E V E LO P M E N T  A N D  D E S I G N  
The data were col lected a d i  tribution o f  avai lable data sets formats; for example:  
ate l l ite i mage. geological map, topographic map ,Digital E levation Model ( OE M )  
( F igure 3 . 1 2 ) ;  in i t ia l  groundwater contours map ( Halcraw 1 969), geological and 
hydrogeological cro ection ( Halcraw 1 969 and IWACO, 1 986);wel l loges, dri l l ing data, 
recharge data ,evapotranspiration data ( I W  ACO, 1 986; nCA, 1 996 and Sherif et a I . ,  
2005 ) .  
A G I  data base i bui l t  t o  organize the avai lable data sets a inputting data for the 
groundwater flow model .  F igure 4 . 1 summarie the steps of integrating the G IS-database 
( using E S R I  Arc M ap 9 .2 ,  ArcView 3 .2 ;  Surfer 8 .2 ,  and MODFLOW ® 3 . 1 ) . 
A l l  avai lable information wa digit ized and entered into the G IS  database of the Ministry 
of Environment and Water for the whole northern emirates ( M EW 2005 ). In addit ion to 
that detai l data ba e for Khatt area include fundamental geological, hydrogeological, and 
c l i matic data from previous studies; information from newly dri l led boreholes in Khatt 
and Taween areas up to year 2005 ( Sherif et a I . ,  2005 ); informat ion from avai lable cross­
sections of the area; and the OEM distributed by SRTM-03 and ( NASA, 2005 ). 
63 
Table 4 . 1 Data type and ource 
o u rce C lass Feat u re Type Data Set 
Min i  try of  Environment and 
Extend Area ater ( M EW)  ,2005 Polyl ine Shape F i le  
M i l i tary survey, 1 972 Khatt Catchment Polygon Scanned Image 
S EWA,2006 Khatt Drainage Polyl ine Shape F i le  
point Shape F i le  + 
IWACO, 1 986 Khatt Wel l  Excel spread 
sheet 
I WACO, 1 986 Springs 
point 
Shape Fi le 
IWACO, 1 986 Ground Water Aquifer Polygon Scanned Image 
M inistry Of Petrolewn And 
Khatt Geological Map 
Polygon Scanned Image 
M ineral Resources, 1 972 Fig.  
M i nistry Of Petroleum And 
Geological Structures 
Polyl ine 
M ineral Re ources, 1 972 
Coverage 
M in istry of E nvironment and 
Agricul tures use " Polygon 
Water ( MEW), 1 970 
Farms " Coverage 
( 1 970) 
Min istry of  Environment and 
Agricultures use " Polygon 
Water ( M E W  ) ,2005 
Fanns " Coverage 
(2005 ) 
M i ni stry of E nviromnent and Ground Water F low Polyl ine Coverage 
Water ( M E W  ) ,2005 Boundary 
4.4 D I G I TA L  E N C O D I N G  A N D  TRA N S LA T I ON 
The geological database was used in the modehng process to estimate the elevations of 
model layers bottom, top, and thickness of the aquifer layers. The formulation of 
parameters and boundaries of the numerical groundwater model. G IS  tools were used for: 
the in terpolation of l ayer surfaces; the interpolation of hydraul ic  conductivit ies; the 
formulation of  boundaries;  and spatial description of groundwater recharge areas. The 
interpolation tools  in  G I S  and Surfer are used to describe the spat ial d istribution of model 
parameter . Statistical and geostatistical analyses of the data were to be carried out before 
the interpo lation. Hydrogeological data with a normal distribution ( e.g. e levation data or 
measured groundwater levels) were interpolated. 
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G I S  Data base Design 
P re p rocessor 
1 
Data Col lection 
I 
G I S  Database Construction 
M O D F LOW 
P rocessor 
I 
Model C a l i brat ion 
Model  Run- Resu lts 
Postprocessor C Analysis- P rese ntation 
Figure 4 . 1 :  Step of i ntegration between G 1 S- tructure and groundwater modeling 
program . 
Data sets without nonnal distributions ( hydraulic conductivit ies and specific storativity) 
first have to be log-transformed to obtain a nonnal distribution and then analyzed and 
i nterpol ated. G I S  was also conven iently used to portray the surfaces of the layers of the 
numerical groundwater model so that there are no intersect ions between them. Although 
ArcGI S'ID 9 .2  is not ful ly 3D capable, i t  was sufficient to prepare the 3D tructural model 
for the numerical groundwater model .  The G IS  database was al a used for the cal ibration 
of the model as it is  a useful  tool to visual ize the deviation between modeled and 
interpolated measured water. 
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4.4. 1 Agricu l t u re a lcu lat ion 
gricul ture  i the main ec n mic act iv i ty in the tudy area. The cu l t i  ated crops con i t 
or  \ arietie of  frui t ,  tree ( e.g. date palm , citrus and mango trees), vegetables ( e.g. 
t mato. cucumber and leaf vegetables) and field crop (e .g. alfalfa and rodha gra s) .  
I rrigation water needed in the study area i the average irrigat ion water for the e crop . 
The main \ ater our e for irrigation is groundwater. Due to the absence of any system to 
mea ure i rrigation water xtracted, the groundwater e traction for i rrigation purpose for 
the cu l t i \  ated area \Va e t i mated ba ed on the crop requirements. 
The pub l i  hed value of the agricu l tural department in the Ministry of Environment and 
Water were used to determine the cul t ivated area for each crop type in each year. The 
average i rrigation requ irement ( Table 4 .2 )  was mult ipl ied by the cult ivated area for each 
crop type ( Table  4 .3 ). The olume of the i lTigat ion requirement were ummed to 
calculate the total extraction rate for inigation in that year (Table 4 .4) .  The fol lowing 
equation (4 . 1 )  wa u ed to calculate crop water requirement :  
1 =  { W  * ( l +L )  * A}I '1 
W = ETo * /  
W here 
I irrigation requirement ( L3 T l )  
W actual water requirement ( L  T l )  
L leaching factor depending on soi l and water sal in i ty (%) 
A cu l tivated area ( L2) 
'1 i rrigation efficiency (%) 
ETo potent ia l  evapotranspiration (L T l )  
f percent factor depending on c l imatic conditions (%) 
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(4. 1 )  
(4 .2 )  
The calculated annual water requirement was distributed on the 1 2  months based on the 
percentage of each month potential  e apotran piration ( ETo) to the total annual 
e\ apotran p i ration ( F igure 4 .2 ) . 
Table 4 .2  erage annllal crop water requirements for different crop types under the same 
c l imate condit ion a the tudy area (n eA 1 996).  
C rop Type C rop W a ter Req u i rements C rop Water Req u i rements 
( m m/day) ( m3/d u/year) 
Vegetables 1 387 
F r u i t  t rees 3 1 1 2 1  
Fie ld c rops 7 2507 
Table 4 .3  The estimated cul t ivated areas ( Du)  in the study domain 
Type o f  C rop Total 
Year Area Total Area 
Vegetables F ruit Field Crop (Ou) 
Oegdaga 1 476 2461 492 4430 6,500 1 975 Kh att 274 457 91 824 
AI-Hamranya 423 704 1 41 1 268 
Oegdaga 730 622 1 2 1 1 473 
1 980 Khatt 51 6 439 85 1 040 6,000 
AI-Hamranya 1 677 1 427 277 3381 
Oegdaga 1 362 6409 1 898 9669 33,300 
1 985 Khatt 3529 1 5 1 3020 6700 
AI-Ham ranya 1 3577 1 009 2397 1 6983 
Oe�d aga 775 8048 441 9  1 3242 39,400 
1 990 Khatt 4202 389 4306 8897 
AI-Hamranya 8862 2 1 36 6274 1 7272 
Oe�daga 1 0 30 8 1 54 6923 1 6 1 07 
1 995 Khatt 3759 2520 4464 1 0743 51 ,700 
AI-Hamranya 1 3534 2930 8403 24867 
Oegdajla 436 9089 41 58 1 3682 49, 1 00 
Khatt 2 8 1 2  3396 4920 1 1 1 28 2000 
1 1 404 3749 9 1 49 24302 AI-Ham ranya 
Oegdaga 386 9531 1 927 1 1 844 
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Table 4.4 E timat d annual crop water requirement (m3 ) for the tudy area 
Year A rea A n n ual C W R  Tot.al 
Vegetat ion Fruit F.Crop Total E x t raction 
(mJ) ( m3) ( m)) ( m3) 
Oegdaga 57 1 470 2758906 1 234001 4564377 
1 975 Khatt 1 06296 5 1 3 1 69 229530 848995 67,200,00 
AI-H amranya 1 63572 789682 353208 1 306463 
Oegdaga 282698 697074 302550 1 282322 
1 980 Khatt 1 99597 492 1 63 2 1 36 1 3  905373 
39,000,00 
AI-Hamranya 64888 1 1 600004 694447 2943333 
Oegdaga 527094 7 1 84489 4758286 1 2469869 
34,000,000 1 985 Khatt 1 365723 1 6927 1 757 1 1 40 9 1 06 1 34 
AI-Hamranya 5254299 1 1 3 1 089 6009279 1 2394667 
Oegdaga 299925 902 1 808 1 1 078433 20400 1 66 
54,800,000 1 990 Khatt 1 626 1 74 436069 1 0795 1 42 1 2857385 
AI-Hamra nya 3429594 2394456 1 57289 1 8  2 1 552968 
Oegdaga 39861 0 9 1 40634 1 735596 1 26895205 
1 995 Khatt 1 454733 2824920 1 1 1 91 248 1 5470901 72,000,000 
AI-H a m ranya 5237658 3284530 2 1 066321 29 588509 
Oegdaga 1 68829 1 0 1 88443 1 0422853 20780 1 24 
69,500,000 
2000 Khatt 1 08 8244 38069 1 6  1 2334440 1 7229600 
AI-Ham ranya 441 3580 4202293 22935290 3 1 551 1 62 
Oegdaga 1 49305 1 0684027 4831 240 1 5664571 6 1 ,400,000 
2005 Khatt 1 69429 76001 56 799482 8569067 
AI-Hamranya 3665200 1 1 1 52549 22327342 371 45090 
Table  4 . 5  The a erage monthly potent ia l  evapotranspiration (ETo) in mmlday. 
M o n t h  E T o  ( nu n/day )  Percen tage of the Total ann ual 
Jan 2.9 0.04 
Feb 3.8 0.05 
Mar 4.8 0.07 
Apr 6.7 0. 1 0  
May 8.0 0. 1 2  
J u n  8.6 0. 1 3  
J u l  8.0 0. 1 2  
A ug 7.5 0 . 1 1 
Sep 6.5 0.09 
Act 5.4 0.08 
Nov 3.7 0.05 
Dec 3.0 0.04 
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F igure 4 .2  E t imation of monthly i rrigat ion water abstraction for different years in  the study 
area. 
Thus G I S  appl ication was used wi th topographic maps (scale 1 : 50000 and 1 :  1 00000) 
and/or Satel l i te  i mage to measure the irr igated areas in years 1 975 ,  and 2005 . The 
shaded rel ief topographic map of the study area ( F igure 4 .3 )  was georeferenced and used 
to develop a thematic l ayer ( F igure 4.4) for the agricultural areas in the period 1 975 to 
1 980 (area marked wi th dark green i n  figure 4.3 are represented with polygons in F igure 
4.4 .  The geometric calculator of G I S  was used to calculate the area of each polygon, and 
then these areas were mult ip l ied with the crop water requirement to calculate the 
abstraction rate as discussed below. Simi larly the projected satel l ite image ( Figure 4 .5 )  
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F igure 4.4 The digital inigation areas in the northern region for year 1 970. 
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F igure 4 .6 The digital i rrigation area map in  the northern region for year 2005 . 
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The l i thological compo it ion and geological tructure trongly affect the poro ity and 
hydrau l i  conducti ity of the geologi al layer . To characterize the spat ial variat ion in 
tbe c tv 0 parameter the avai lable geological map of the M in istry of Petroleum and 
Mineral Re ource ( Figure 4 . 7 )  was georeferenced and converted to a digital fonn using 
I ( F igA. ) .  
In  th i  map, the  patial ariati n III the l i thological compositions and control l ing 
geol gical structure are pre ented in thi  digital map ( F igA.8) .  S imi larly the avai lable 
hydrogeological map ( I WACO, 1 986) shown in Figure 4 .9 was digit ized to show the 
horizontal di  tribution of the a ai lable groundwater aquifers ( F ig.4. 1 0) .  
The aqu i fer with pecific capacity o f  more than 1 0  m3lhr/m are c lassified as h ighly 
produ t ive, wherea aqu ifers w ith spec ific capac ity vary ing from 2 to 1 0  m3/hr/m are 
con idered as moderately  productive. As wel l  as the aquifer having specific capaci ty of 
Je s than 2 m3/1l r/m are cons idered as local and l imi ted groundwater re ource ( I WACO, 
1 9  6). These map are nonnal ly cal led geopotential maps and represent the comer stone 
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Figure 4 .7  Geological maps of the northern em
irates of UAE.  
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F igure 4 . 8  Shape fi le  of the major geological structure in the tudy area. ( Digitized from
 
I W  ACO, 1 986) .  
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Figure 4 .9  Hydrogeological maps of the Northern Emirates (after I WACO, 1 986) 
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Figure 4 . 1 0  Digi tal hydrogeological map structures in the study area. 
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430000 
4.5 G R I D  D E  I G  I G A D I N T E R PO LAT I ON 
In  thi tudy the tati  tical interpolation method of urfer oftware (variogram and 
Kriging) were u ed for interpolation to predict unknown values from avai lable observed 
data at known location and con equcntly to assign an init ial  value of each property in 
each grid ce l l  in  the model area. The ariogram i a three dimensional function u ual ly 
u ed to matcb a model of pat ial corre lation of ob erved ariables. Variogram i a 
mea ure of bO\ quickly things changes on average and thus i t  i s  used to define the 
\ eight of  the Kriging funct ion ( Cressie, 1 990) .The benefit is that it can minimize the 
error of predicated value \ hich are estimated by spatial d i  tribution ( variogram scatter). 
1 1  the gridded ( i nterpolated) data for each parameter such as elevations, hydraulic head, 
torat ivi t ie were exported from ArcGIS as ASC I I  format (x, y, z) to use them in Surfer 
oftware ( urfer 8 .0,  Golden oftware©, I nc,  2002) .  Kriging method was used to 
interpolate and grids a l l  data by using spherical ( pannatier, 1 996) variogram which wa 
the be t matching model curve for interpolated surface . 
4.5. 1  Top a n d  Bottom Su rface E levation 
To de e lop a groundwater flow model for Khatt Spring area, the geological and 
Hydrogeological setting of thi  area have been studied carefully to decide the number of 
model  layer based on vertical variations in  hydraul ic conductivity. In  Khatt Spring area 
it \Va decided that a ix layer model represent the best fit to the subsurface stratigraphy 
of the area. The subsurface stratigraphy in the study area can be s impl ified as fol lows: 
.:. The sequence start wi th layer 1 on the top which con ist of the Quaternary 
ediments in  we t and outcropping karistified l ime tone in  the east ( F igure. 4. 1 1 )  .
• :. Layer 1 i s  overlying a layer 2 which i s  consi t ing of c lay with gravel ( Juweiza 
Formation ) in  the west and unkari t i fied l imestone in  the east ( F igure 4. l 1 ) . 
. :. Layer 2 i s  underlain by layer 3 which is  composed of clay with gravel ( Juweiza 
Formation) in the we t and karistified l imestone in the ea t ( F igure 4. 1 1 )  .
. :. Layer 3 is topping layer 4 which is consisting of clay with gravel ( Juweiza 
Format ion)  in the west and unkaristified l ime tone in the east ( F igure 4 . 1 1 ) . 
. :. Layers 5 and 6 are s imi lar in  their l i thological composition to layers 3 and 4 
re pectively ( F igure 4. 1 1 ) . 
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Then the e ix model layer created in Hydrogeoanalyi t ofh are ( Schlumberger, 2005 ) 
and oftware. The available OEM (digital ele ation model ,  F igure 3 . 1 2) for UAE 
\\ a can eniently u d to a s ign the top elevations of layer one (ground urface 
e le  alion ). The avai lable  l i thological logs ( Appendix D) together with the avai lable 
and or on tructed cro ections were digit ized and bui l t  in  a databa e using the 
H drogeoanaly t ofhvare ( F igure 3 . 1 8, 3 . 1 9 ) .  
The H drogeoanaly t oftware ,vas u ed to a sign the  model layers surfaces ( top and 
bottom) and automatical ly fonl1u late an x-y-z ASC I I  fi le  of each model layer surface . I t  
i worth mentioning that i f  at any cel l  the thickness o f  a certain layer i s  zero then i t  wi l l  
be  taken a three meter and w i l l  be  gi en the  Hydrogeological propert ied of the 
underlying layer to avoid dividing by zero in the simulation process and keeping the 
phy lcal etting as much as clo e to the real world ituat ion.  Then each file of the 
urface elevation was read b Surfer program and the data wa girded using the 
appropriate kriging and variogram method interpolation to assign a value for each grid 
cel l .  
Once the interpolation wa finished, a l l  data and the elevations o f  each cel l were 
imported again  into ArcGI S  to val idate the interpolation procedure by visualizing and 
correcting any i nter ections. When the elevat ion of each layer surface at each model grid 
ce l l  wa c hecked and a l idated these e levations were imported in the MOO FLOW 
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F igure 4 . 1 1 An Ea t-We t ubsurface geological cro s section across represent the 
observation wel l s  and the 6 layer in whole domain  ( modifted from I WACO, 1 9  6). 
4.5 G I S  DATABASE 
The hydrological  and  en  ironmental data of  the  study area were prepared and compiled 
in  a uni que structure that al lows spatia l  relationships options. These data involved the 
c l imatological (e .g .  rainfa l l  data), groundwater aquifer spatial distribution and properties 
(e.g. saturated th ickness, geometric d imensional ;  transmassivity, storativ i ty, historical 
water table levels etc) 
Other important data which include boundary condi tions, observation wel l s, i rrigation 
area; extract ion rates, infi l tration, evapotranspiration, hydraul ic conductivi ty,  porosity, 
and specific  yie ld have been bui l t  in the G IS  as layers and used later for the establ ishment 
of the groundwater flow model and then flow simulations. The data is usual ly  
transformed from G I S  data to groundwater flow data by export ing the  G IS  data in  special 
format ( e.g .  ASC I I  text fi le) that can be used by mode l ing code. The hydraulic 
conduct iv i ty values together with the saturated thickness maps ( Figures 4 . 1 2 -4, 1 7) where 
used to decide the number of model layers in the 3 D  groundwater flow model as wi l l  be 
discussed in chapter 5 .  
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Figure. 4 . 1 2  Contour map of the aturated thickness of model layer 1 .  
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Figure 4 . 1 4  Contour map of the saturated thickness of model layer 3 .  
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MODEL DEVELOPMENT, CALIBRATION 
AND VERIFICATION 
The main purpose of this tudy is  to develop local scale groundwater flow model for 
imulating the proposed water resource management al ternatives in  Khatt prings area. 
Becau e the boundary conditions of the tudy area are defmed, an extended regional 
groundwater flow model for the whole extending from the impermeable argi l laceou 
l ime tone ( no flow) in the ea t to the Arabian Gulf  ( constant head) in the west i 
modeled. 
The available wel l infonnat ion up to year 2005 ; the avai lable geological cross sections 
( I WACO, 1 9  6,  H alcraw, 1 969) and l i thological logs were digit ized and entered into a 
fonnulated G J  -based database . The DEM of the SRTM ( Shuttle Radar Topography 
Mi ion) i n  a resolution of 90 arc seconds were used for the top of the model .  The 3D 
tructure of different l ayers con tructed by  interpolation of  cross- ections and we l l  u ing 
Hydrogeoanalyst oftware ( Schlumberger, 2003 ) .  The geological structures, given in 
several cro ection in l WACO ( 1 986) were digitized using 3D geological model 
( ycisk et a I . ,  2008 ) and used as a base for interpolation. The layers that are pinching out 
are sub t i tuted by overlying or underlying layers with a shift in  hydraul ic conductivit ies.  
The arne procedure i used for fau l ts .  
The  geological databa e was extensively used in the model ing process to calculate the 
model layer bottom, top, and th ickness of the aquifer structure and the fonnulation of 
parameters and boundaries of the nwnerical groundwater mode l .  G IS  tools  were used for: 
the interpolation of layer surfaces; the interpolation of hydraulic conductivities;  and the 
calcu lation and spatial  descript ion of groundwater recharges areas. The whole structural 
model of s l ice e levat ions and parameters are held in a G I S  database to access the input 
parameters during the cal ibration stet ( Gosse! et a I . ,  2004 ) .  
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5. 1 0 C E PT U A L  M O D E L  
c n eptual m del i a et o f  hypothe i and a sumpt ion that faci l itate the quanti fication 
proce' of the real y tem under considerat ion. Ba ed on the avai lable data, everal 
a umpti n \ ere con idered to de cribe the real y tem in Khatt springs area. For 
de\'e l  ping the conceptual model.  the schemat ic i l l ustrated in figure 5 . 1 is used to 
under tand the hydr geology of the flow domain. After preparation and col lection of the 
data, the cro ection were digit ized and l ink ed to the avai lable borehole log to 
interpolate geology of the area and u e i t  to bui ld the model layer ( F igure 5 . 2 ). 
Digital  Processing 
1 
H ) draul ic  Bounda ry Structure 
conductiv ity Concil iat ion Of 
Model 
--
Hydro- tratigrapbic  Elevation 
n i t  
Database 
Hydra u l ic  Conductivity I n tegration of storativities, Model 
I n terpolat ion transitivity Layer I nterpolation 
3 D  
Conceptual  
Model 
Figure 5 . 1 Flowchart represents the typical steps for development 3D conceptual model 
( S eeflnasr.2007 ) 
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F igure 5 . 2  A 3 D  geological model of K hatt spring area ( after Wycisk et a l . ,  2008) 
The fir t tep i n  formulat ing the conceptual model was to identify the boundaries of the 
model and i ts model layers. Geologic information including geological and 
hydrogeological maps (F igures 4.8 and 4 . 1 0 ) wel l logs ( Figure 3 . 1 6, and appendix C), 
cro s- ections ( F igures 3 . 1 8 3 . 1 9  and 4 . 1 1 ) ; statistical ly-interpolated subsurface 
tratigraphy using the 3D geological model ( Figure 5 .2 )  and model layer interpolation 
capab i l i t ies of the Hydrogeoanlayist program ( Figure 5.3 ) combined with information on 
hydrogeologic properties (Tables 5 .3 - 5 . 5 )  are gathered to define hydrostratigraphic units 
for the conceptual model . 
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F igure 5 3  Different 6 layer shown the top and bottom of the e layers in the study area. 
A a part of preparing the water budget, the ource of water to the system as well  as the 
expected flow direction and exit points were also ident ified for the model .  The field 
estimated inflow such as groundwater recharge from precipitation, overland flow, were 
identified. Outflows such as spring flow, evapotran pi rat ion and pumping were 
con idered m the model conceptual izat ion.  Hydrologic information was used to 
conceptua l ize groundwater flow system. Hydrologic infonnation on precipitation 
e aporation,  and surface water runoff, as wel l  as observation wel l data is also used 
( F igure 3 . 8  and appendix B) .  
Water level measurements are u ed  to  estimate general direction of  groundwater flow, the 
location of recharge and discharge, and the interaction between aquifers and surface 
water systems. Based on wel l  logs, pumping test re u l ts, and hydrogeological cro s 
sections, the Quaternary and karst ified l imestone aquifers were approximated into a six 
l ayers model ( Figure 5 .4 ) .  
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No now bound�ry 
L ayer .0 
L oyer - 1  K 0.4 - 2 1  m ld,v 
L .yer- 2 K 0.003 - 67 m ld ,y 
L , y er-3 K 0.003 - 1 m ld , y  
L .y .. r-4 K 0 003 - 67 m l d .y 
L , y er-5 K 0.003 - 1 m ld,y 
L oyer 6 K 0.003 - 67 mld.y 
F igure 5 .4  Conceptual model of Khatt springs area in which the subsurface stratigraphy i 
approximated into i x  layer model based on vertical hydraul ic  conduct iv ity variation. 
5.2 B O U N D A RY CON D I T I ON S  
The model led area and the aquifers boundaries were defined o n  the remote sensing and 
satel l i te image of Khatt basi.n  area. Due to the phy ical boundary ( natura l boundary) ,  the 
whole aquifer domain wa con idered as c lose ystem which consist the impermeable in  
the argi l l aceous l i me tone in  the east, Hawasina shale  in outhea t ,  and in  the west by the 
ea ( Arabian Gulf) ( F igure 5 .4, 5 . 5 ) . 
I n  th i  model there are two types of boundary condit ions in  the domain i l lustrated in  
table  5 . 1 .  The no flow boundary condit ion is  repre ented in  this model ing by the Oman 
Mountain in the east of the model .  Rocks in this area are either H awasina Shale or 
argi 1 laceous l i mestone with very low permeabi l i ty. The constant head boundary condition 
wa appl ied to boundary wi th the surface water body represented by all ce l ls  in  the 
Arabian Gu lf  in  the north western side of the model ;  whi le Rain fal l  recharge over the 
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mountain \ a con idered In the northem ea t part of the model (Appendix ). 
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Figure 5 . 5  Boundary condition o f  the modeled area. 
Table 5 . 1 Type of Boundary conditions 
N o  Type O f  B o u n d a ry 
1 Con tant head Represent in  
Location 
the Arabian Gulf  111 
the northern westem of the model 
Oman mountain in the east of the 
2 N o  flow boundary 
model 
9 1  
1 ! 1 g: J' ! I 
,." ! ,/ r 






o o o N M '" N 
o o o .. '" ., 
N 
o o o '" � 
In fi l trat ing rainfa l l  through the joint and crack of the Musandam l ime tone is indirect ly 
recharging the Quaternary aqui fer from the north-ea tern ide ( F igures 5 .4,  5 . 5 )  The 
rc harge area were a igned ba ed on a study done by Al Baz ( 1 998),  CR & Sharjah 
E lcctric i t  Water Authority ( R & EWA, 2006), whi le the evapotran piration areas 
were a igned on the whole area ba ed on tudy done by M ini try of Environment and 
ater ( M EW ,  2 005 ;  Table 5 . 2 ) .  
can be  een in  figure ( 5 .4, . 5 ) ,  everal boundary types were chosen and defined for 
the tud domain .  A l though data were present in huge and complete manner in some 
area in the tudy area, i t  wa completely scarce and ab ent in other areas. The avai lable 
data et are fonn e eral ource , with uneven di tribution, improper qual i ty;  and thus 
the rel tabi l i ty and creening the data qual i ty control were essential  in  the development 
and con equently the databa e of the model conceptua l .  
Combination between di fferent un i t  and hydraul ic  conduct iv i ty in  the  same layer was 
defined on the ba i of the l ithological logs ( Appendix C) and aquifer parameters (Tables 
5 . 3 -5 .  ) .  The e levation point and hydraul ic  conductiv ity pots were interpolated by using 
univer al Kriging to create and obtained continue layer elevations and the hydraul ic 
conductivi ty through the whole modeled area. 
5.3 M O D E L  G R I D  
The tudy area wa modeled using a fin i te-di fference regular grid spaced 200 m x 200 m 
grid cel l  . The grid covered the whole area and contains 1 5 1  row and 30 1 column . The 
whole model domain area was 1 8 1 8040000 m:! ( 1 8 1 8  Km2 ) .  The horizontal extent of the 
modeled area is ranging between 360000E and 420000E in x direction and between 
28 1 7000 and 2847000 in y direction ( F igure 5 . 6). 
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Table 5 .2 The dai ly E aporation in the tudy area ( M EW,2005 ) .  
From To Day Evaporation ( m/day) 
1 02 0 1  2004 04 0 1 2004 2 0 
2 04 0 1  2004 08/0 I 2004 4 0.0023 
3 08 0 1 2004 1 010 1 /2004 2 0.00286 
4 1 0 0 1  2004 1 0 1  2004 1 1  0.00422 
5 2 1  0 1 '2004 26/0 1 12004 5 0.00422 
6 26 0 1  '2004 28 0 1 2004 2 0.0088 
7 28 0 1 _004 08/02/2004 I I  0.0 1 
8 08 02/2004 1 1 102/2004 3 0.008 
9 1 1  02 2004 1 6/02/2004 5 0.008 
1 0  1 6 0212004 1 9/02/2004 3 0.008 
1 1  1 9 02,2004 23/02/2004 4 0.007 
1 2  23 02 2004 25102l2004 2 0.004 
1 3  25 02/2004 2710212004 2 0.0023 
1 4  2 7  02 2004 03/03/2004 5 0.0023 
1 5  03 03 2004 05/03/2004 2 0 
1 6  05. 03 2004 28/03/2004 23 0.00422 
1 7  28 03 '2004 27/04/2004 30 0.0088 
1 8  27/04/�004 2 8/05/2004 3 1  0.0 1 
1 9  28105/2004 27/06/2004 30 0.008 
20 27 06 2004 28/07/2004 3 1  0.008 
2 1  2 8/07/2004 28/0812004 3 1  0 
22 2 8/08 2004 27/09/2004 30 0.0023 
23 27/09/2004 281 1 012004 3 1  0.00422 
24 28/ 1 0/2004 271 1 1 /2004 30 0 
2 5  27 1 1  '2004 1 41 1 2/2004 1 7  0.0 1 
2 6  1 4/ 1 2/2004 1 7/ 1 2/2004 3 0.008 
2 7  1 7  1 2/2004 28/ 1 2/2004 1 1  0.00286 
28 28/ 1 2/2004 28/0 1 /2005 3 1  0 
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Figure 5 .6  Griding i n  whole model area. 
5.4 A Q U I F E R  PA RA ME T E RS 
As already discussed in tbe Hydrogeological setting ( chapter 3 ), there are two major 
aqu ifers in the study area, the Quaternary aquifers and the Karistified l imestone aquifer. 
Fortunately,  due to their importance, both of the aquifers were previous studied [ I WACO 
Proj ect  ( 1 986),  E ntec ( 1 996),  and Sherif et al. (2005 ) ] .  The documented l i tho\ogical logs, 
cross sect ions and pumping tested data were reanalyzed using most up to date software 
( e.g. G W W, Hydrogeoanalyst, Aquifer test, and Aqua-chern) and then entered i nto the 
G I S  data base. 
The horizontal variations of the aquifers parameters (hydraul ic  conduct iv i ty, storativ ity, 
effecti  e and total porosity ) were studied and tabulated (Tables 5 . 3 -5 . 5 ) .  Layer one 
represent the q uaternary aqu ifer in the entire flow domain except the eastern edge where 
it presented by karstified l imestone. 
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The 'econd la r i compo ed of c lay with gravel ( Juweiza fornlation ) and unkarst ified 
l i me tone in the ea tern edge. Layer three i the arne a layer two but with kar t ified 
l ime tone in the ea tern edge. Layer four and ix are simi lar to layer two. Layer five i s  
imi lar to lay r three ( F igure 4 . 1 1 -4 . 1 7 ) .  
Table 5 . 3 :  Pumping t e  t re u l t  of \; e l l  in  the kar tified l imestone aquifer ( I WACO, 1 986) 
\\ el l  East ing North ing T ( m2/day) K S porosity ( m/day) 
G P- 1 2  392716 2832577 2 1 3  \ I  0.0030 0. 1 0  
G P-.t 39545 1 2820702 320 1 6  0.0034 0. 1 5  
GP- l  394896 2802 1 27 5 ") 0  2 1  0.0060 0. 1 8  
G P-2 3 8874 1 28042 7 1  437 1 5  0.0030 0. 1 0  
G P-3 399780 280462 1 1 85 9 0.0240 0. 1 5  
G P-6 3 8 5 8 5 8  2 7825 1 1  307 1 0  0.0240 0. 1 8  
G P-7 3 89306 2776 1 39 200 5 0.0035 0. 1 0  
3 9  1 1 3 2 32 1 7 1  580 0.4 0.00 1 1 
G P-9 0.03 
G P- I O  39388 1 2790978 50 5 0.00 1 2  0. 1 5  
G P- l 1 3 84 1 1 5  2773 1 98 60 6 0.00 1 2  0. 1 8  
G P- 1 4  40 1 0 1 7  289 1 5 73 87 8 . 7  0.0030 0. 1 7  
G P- 1 5  3 9 1 7 1 7  2792509 4 1 3  20.65 0.00 1 2  0. 1 6  
G P- 1 6  396682 2 79825 1 1 20 1 2  0.0025 0. 1 5  
G P- 1 7  3824 1 3  2790957 1 1 0 5 . 5  0.0020 0.20 
Gp- 1 9  3890 1 0  2794880 500 1 0  0.0 1 0. 1 8  
M F- l  405 500 2747000 1 75 5 0.0 1 0.20 
G P-4 39545 1 2820702 1 00 1 0  0.02 0. 1 8  
G P-8 3 8 87 1 8  2822739 270 9 0.34 0. 1 5  
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Table 5 .4 Quatemary qui fer hydraul ic parameter ( after IWACO, 1 9  6)  
East ing  orthing Specific atu rated T ame capacity Thickness S Im l 1 m ] I mJ/h r/m l l m l ( m
2/day) 
R K-S 4 1 1 657 2879224 23 > 300 III 2 8  0. 1 
R K-6 409879 285364 1 H igh > 300 m h igh 0. 1 
RK-9 4 1 1 3 3 1  2872923 50 > 300 III 382 0. 1 
RK-I l 402858 284230 1 27 > 300 m 5 0 0. 1 
R K- 1 4  39993 1 2830677 67 > 300 m 2800 0. 1 
RK- 1 5  397695 28 1 8 1 02 26 > 300 m 1 40 0. 1 
R K- 1 6  399 93 2822620 1 1  > 300 m 66 0. 1 
KhSp- 1  400 1 49 2833376 - > 300 m 40 0. 1 
Table 5 . 5 :  Pumping tests results of wel l s  i n  the J uweiza aquifer. 
Easting Northing 
Specific Satu rated T 
Name capacity Thickness S 
1 m ) [ m ] I mJ/hr/m J l m l (m
2/day) 
G P l I I A  394896 2 802 1 22 1 .8 1 42 7.6 0.006 
GP2 3 74 1 2804:!7 J 0.7 1 05 2 .7  -
G P3 399780 280462 1 3 1 84 6. 1 0.00 1 
G P4 39545 1 2820702 0.2 3 J 2  1 -
GP6/6A 385858 27825 1 1  29 1 23 1 1 0 0.020 
GP8/8A 3887 1 8  2822739 7.6 1 76 270 0.003 
G P I O/ I O  
39388 1 2 790978 4. 1 320 260 0.00 1 
A 
G P U  3 84 1 1 5  2773 1 98 28 1 66 480 
-
G P I 4  40 1 0 1 7  289 1 5 73 6.2 1 26 230 
-
G P l S  39 1 7 1 7  2792509 5 1 26 1 50 
-
G P 1 6/ 1 6  
396682 2 79825 1 2 1 43 1 20 
0.003 
A 



























5.5 I I T I A L  CON D I T I O  S 
The ini t ia l  condit ion are important input for model calibration and verificat ion. For 
thi. purpo e the ground .. ater contour maps for years 1 969 ( Halcraw, 1 969 ) and 1 986 
( l W CO, 1 9  6)  were canned, geo referenced, and digitized. G I S  wa used to convert 
the digitized contour map into e n  x, y, z fi le . The rea on for thi step is  to al low 
girding of  the e fi l e  u ing the ame window l imit  and grid cel l  intervals of the modeled 
area to faci l i tate direct a ' ignment of a value to each grid cel l .  This step could be 
performed w ith MO DFLOW ( version 3. J ,  2002) .  I t  was however performed by Surfer to 
u e i t  more powerful  and informative interpolation capabi l i t ie  . The newly constructed 
head contour map of 1 969 ( F igure 5 . 7 )  was u ed to assign the ini t ia l  bead of each grid 
cel l .  The outflow from the aquifer in 1 969 a surned to be equal to inflow from rainfa l l  
infi l trat ion before any pumping occurred and thus was under the  steady state condition. 
The groundwater head contour map of 1 986 and 2005 were u ed for model cal ibration 
and verification, re pectively.  These water table  record were provided by the Min i  try of 
Environment and Water ( MEW, 2005 ) .  
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F igure 5 . 7  Groundwater head contours of 1 969 ( Halcraw, 1 969) .  
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5.6 R E H A RG E  
The pri mary ource for the recharge to the khatt domain were from the rainfal l  data 
( Table 5 .6)  and the in fi l tration which wa cro ing the northern eastern side of the model 
domain. n I obyet map for the patial  distribution of rainfa l l  in Khatt pring area was 
prepared and digit ized to a ign tbe recharge value at each grid cel l  by mult iplying the 
rainfa l l  value with the appropriate percent. The recharge value was assigned to the top of 
model layer one (Quaternary aquifer) . Monthly groundwater level data for three 
ob ef\ ation \ e l l  in tudy area show the effect of ra infal l  on water table ( F igure 3 .9) .  
There i a significant ariation in the groundwater level in  response to Rainfal l  events 
( F igure 3 .  1 0) .  There i rea onable ariation in  the rainfal l  and thus recharge amount from 
the co t to mountainous area. Howe er, the variation from north to south in the 
mountain u part of the tudy area is  minimum. In dry and average year the rainfal l  
amount is  not exceed the minimum amount needed from the recharge to occur which i 
60mm ( I  ACO, 1 9  6; Rizk 2008 ) .  In  the modeled area, recharge assumed to occur only 
in  the ea tern part and was taken as 20% of the rainfal l .  
The maximum ground\ ater level (approximately 40 ma I) wa observed on March of 
1 996 in  we l l  Khat- l which i very c lose to the southem spring as wel l  as in well  RK- 1 4  
which i located in  H abhab area in the n011h eastem part of the study area ( F igures 3 .2  
and 3 . 8 ) .  I n  the pre en t  tudy, the amount of recharge wa approximated to  be  varying 
from 5 to 30% of the precipi tation rate based on three different studies. These studies are : 
1 ) . Regional hydrogeological tudy by I W  ACO (1 986), 2 ) .  
Remote sen ing study by AI  Baz ( 1 998) ,  3 ) . Ground water flow model l ing study by 
Sherif et a l .  ( 2005 ),  and 4) .  Environmental i otope tudy by the I nternational uc lear 
Agency and M in istry of Environment and Water ( 2007 ) .  I n  the fir t and the third tudies, 
the recharge in  the a l luvial gravels  was estimated to range from 5 to 40% from the 
rainfa l l  depended on the percentage of clay content in the degree of compaction, whi le in  
the  econd study , the  recharge in  gravel a l l uvial area's was estimated to  range from 5 to 
30% .  In the isotopes study the estimated recharge in the a l luvial  gravels area was 
e t imated to range from 4 to 40%. 
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Table . 6  The annllal dai l ra infa l l  and recharge in the study area ( M EW,200S ) 
No 
I Rainfa l l  Recharge Recha rge Recharge Date 1 0% 20% 30% ( m/day) 
( m/day) ( m/day) ( m/day) 
I 1 -Apr-93 0 .000267 0 .0000267 0.0000534 0.000080 1 
2 2-Apr-93 0 0 0 0 
3 3-Apr-93 0 0 0 0 
4 4-Apr-93 0 0 0 0 
5 5-Apr-93 0 0 0 0 
6 6-Apr-93 0 0 0 0 
7 7 -Apr-93 0 .000323 0 .0000323 0.0000646 0.0000969 
8 8-Apr-93 0 0 0 0 
9 9-Apr-93 0 0 0 0 
1 0  1 0-Apr-93 0.000 1 35 0 .0000 1 35 0. 000027 0.0000405 
1 1  1 1 -Apr-93 0.003 1 5 1 72 0 .0003 1 5 1 72 0 .000630344 0.0009455 1 6  
1 2  1 2-Apr-93 0 .00 1 7  0.000 1 7  0. 00034 0.00051 
1 3  1 3-Apr-93 0.00 1 1 1 6 0 .0001 1 1 6 0.0002232 0.0003348 
1 4  1 4-Apr-93 0 0 0 0 
1 5  1 5-Apr-93 0 0 0 0 
1 6  1 6-Apr-93 0 0 0 0 
1 7  1 7-Apr-93 0.00038 1 0 .0000381 0.0000762 0.000 1 1 43 
1 8  1 8-Apr-93 0 0 0 0 
1 9  1 9-Apr-93 0 0 0 0 
20 20-Apr-93 0 .00004 0.000004 0.000008 0.0000 1 2  
2 1  2 1 -Apr-93 0 .000 1 45 0.0000 1 45 0.000029 0.0000435 
22 22-Apr-93 0 .002545 1 6  0 .0002545 1 6  0 .000509032 0.000763548 
2 3  23-Aj:)r-93 0 .00 1 1 82 1 4  0.000 1 1 82 1 4  0 .000236428 0.000354642 
24 24-Apr-93 0 0 0 0 
25 25-Apr-93 0 . 0009 1 7  0. 00009 1 7  0 .000 1 834 0 .0002751  
26 26-Apr-93 0 0 0 0 
27 2 7-ApJ-93 0 0 0 0 
28 28-Apr-93 0 0 0 0 
29 29-Apr-93 0 0 0 0 
30 30-Apr-93 0 0 0 0 
3 1  1 -May-93 0 0 0 0 
32 2-May-93 0.0001 0 .00001 0. 00002 0.00003 
3 3  3-May-93 0 .0003 1 6  0 .00003 1 6  0. 0000632 0.0000948 
34 4-May-93 0 .000361 0 .0000361 0.0000722 0.000 1 083 
3 5  5-May-93 0.001 54 0 .000 1 54 0 .000308 0.000462 
36 6-May-93 0 0 0 0 
3 7  7-May-93 0 0 0 0 
3 8  2 1 -May-93 0 0 0 0 
39 22-May-93 0 0 0 0 
40 23-May-93 0 0 0 0 
4 1  24-May-93 0 0 0 0 
43 25-May-93 0.001 70968 0.000 1 70968 0 .00034 1 936 0 .00051 2904 
44 26-May-93 0 . 0 1 02 0.001 02 0.00204 0. 00306 
45 27-May-93 0 0 0 0 
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5.7 G RO U N DWAT E R  A B  T RA CT I O N  
The pumping tarted in  1 986 t o  co e r  demand for i rrigat ion i n  the study area. The 
procedure for e t i mating daily e traction rate was discussed in chapter 4 ( section 4.4 . 1 ) . 
Ba ed on the digit ized agriculture map, a ai lable i rrigation rate and abstraction rate 
a umption, the pumping wa as igned to 700 cel ls  ( each cel l  is 200m * 200 m) in the 
model .  
There cel l repre ent  extraction wel ls in the  model domain ( F igure 5 .8 ) .  these cel l s  were 
separated in to 3 group; namely group one which contains 60 cel ls  representing old 
pumping e traction wel l s  (old cul t ivation: start pumping from year 1 970 and stopped in 
year 1 9  5 ) ;  group two with 40 cel ls  as continues pumping extraction wel l s  ( Permanent 
cu lt ivatlOn start pumping from year 1 970 and continued unti l  2005) and the rest (600 
cel l  ) wa as u med a new pumping extraction wel ls  named group three (new cult ivation 
tart pumping from year 1 9  5 unt i l  year 2005 ) .  
In this re pect,  d ifferent ground .. ater flow scenarios were assumed for the domain as wi l l  
be  di  cu ed i n  chapter se en .  Table ( 5 . 7 )  ummarizes the d ifferent extraction rates for a l l  
wel l s  and t ime period in the  domain .  
Figure 5 .8  Wel l pumping extraction locations in the study area. 
1 00 
Table 5 . 7  T h  well  extraction rate data for the whole period ( 1 970- 2005)  
S t a rt P u m p  extraction rate M
3/day 
TimelYea r  G rou p l  G roup 2 
60 wel ls  40 wells 
1 970 - 1 974 1 90 1 90 
1 975 - 1 979 1 56 1 56 
1 980 - 1 984 1 1 0 1 1 0 
1 985 - 1 989 0 1 54 
1 990 - 1 994 0 249 
1 995 - 1 999 0 3 2 7  
2 000- 2004 0 3 1 6  
5.8 M O D E L I N G  A P P ROAC H 







3 2 7  
3 1 6  
The model ing approach i n  this tudy inc ludes three maj or steps : (1 ) Steady state 
cal ibration of the model ( 2 )  Transient model cal ibration and verification and ( 3 )  Model 
prediction and management scenario . In steady state model cal ibration step the 
simulated contour were compared w ith the observed groundwater contours of 1 969 
when the aquifer was assumed to be in a steady state condit ion. 
Once the teady ate cal ibration completed tbe cal ibrated model was adj usted and used 
for transient s imulation to cal ibrate and verify the model w ith groundwater head data 
avai lable for year 1 986 and 2005 . 
5.8. 1 Steady State Model  Cal ibrat ion 
Steady- tate or dynami c  equi l ibrium conditions occur when the amount of water 
recharging an aqui fer is balanced by an equal amount of discharge and the potential or 
hydraul ic head field  is more or less constant over t ime ( Freeze and Cherry 1 979) .  After 
model conceptua l i sation ( F igures 5 .4 and 5 . 5 ) ,  the appropriate values of hydrogeolgoic 
parameters ( hydraul ic  conduct ivi ty,  specific storativities, and spec ific yield), the 
hydraul ic parameters (porosity), and ini t ia l  hydraulic head ( water table of 1 969) were 
assigned to each grid cel l in the model domain.  The groundwater flow model was 
cal ibrated under steady state condition to measured water level in the model led area in 
1 0 1  
ear 1 969. Thi cal ibration a done by u ing the a ai lable water level record used to 
devel p the water level map de eloped that repre ent head measurement for year 1 969 
( F igure 5 . 7 ) . During the cal ibrat ion procedme, other factor must be considered sLlch as fit 
matching between the simulati n result  to the conceptual model of the groundwater flow 
y tem for the tudying period and compari ons bet\veen the calcu lated hydraulic head 
and the ob erved hydrau l ic head. To obtain  an acceptable fit between the ob erved 
groundwater contour of 1 969 and the imulated steady tate groundwater contour , 
cveral modifications in the distribution of the hydraulic conductiv i ty parameter were 
ne e ary. 
]n the ea tern part of the model led area especia l ly near the mountains area, the deviation 
between ob erved and calcu lated groundwater contours was less than 3 meter which 
indicated that before 1 970, the recharge component of the Quaternary aquifer from 
Oman Mountain wa enough to balance the sum of natural di charge existing at that t ime 
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Figure 5 .9 F inal  resul t  of model cal ib�ation under steady state condition for observation 






5.8.2 T r a n ient  M odel C a l i b rat ion 
The model \\ as cal ibrated and eri fied under tran ient  conditions for the period 1 970 to 
1 9  6 and 1 970-2005 II ing water table levels on both year as well  as the abstraction rate 
In this period. Two imulati  n period were imulated. The first one is from 1 969 to 1 986 
and econd one i fr m 1 9  6 to 2005 . 
The purpo e of the fir t period imll lation i to cal ibrate the model under the transient 
condit ion \ .. h i le  the purpo e of the second period simulation i to verify the cal ibrated 
mode. fter e era! tra i l  i t  was concluded that the water l evel was more sensit ive to 
change in recharge rate and the groundwater extraction from irrigation wel ls ( Table 5 .8 ) .  
For cal ibration purpo e , the observat ion of  hydraul ic head in the period 1 986 to  2005 at 
the avai lable ob ervation wel l  ( R K- 1 4, and Khatt l )  were compared to the computed 
hydraul ic head in thi period ( F igures 5 . 1 0  and 5 . 1 1 ) . 
Table ( 5 .  ) The a l ternative Run 
R u n s  Rec h a rge 
Run- l 30 % from the total Rainfa l l  
Run-2 1 0% from the total Rainfa l l  




1 0  
o 





1 5  
1 0  
- R K - 1 4  Observed head --+- R K-1 4 C a l c u lated head 
Figure 5 . 1 0  Compari ons between observation hydraul ic head and calcu lated hydraul ic head 
at wel l  R K- 1 4  
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Figure 5 . 1 1  Comparisons between observation hydraul ic head and calculated hydraul ic head 
at wel l Khatt- I 
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R ec h a r-ge ca l ibrat ion 
quifer Recharge occur at  the north ea t boundary ( Figure 5 .4 and 5 . 5 ) . The recharge 
rate i a parameter that i often a umed to be percentage of the prec ipi tation and thi 
percentage typical !  range from 5% to 30% ( I WACO 1 986, E I Baz 1 998, and Sheri f et 
a ! .  �005 ) .  fter cal ibration for hydraulic conducti ity and storat ivi ty data in steady tate 
cal ibration, eyeral tra i l  were imulated to reach the best fi l l  with observation heads of 
year 1 9  6.  The r rded rainfa l l  rat from the neare t c l imatological tation from the 
period 1 970- 1 986 where gridded and contoured to assign a rainfa l l  rate ( recharge rate for 
ea h grid cel l in the model led area) .  The recharge was in i t ia l ly a umed to be 30% of the 
annual precip itation. 
Then the imulated hydraul ic  head was compared to the ob erved hydraul ic head of 1 969 
pub l i  hed i n  I W  ACO 1 986 ( F igure 5 .9) .  The compari on indicates that the shift between 
ob erved and calculated head was big and abo e the acceptable l imit  ( maximum 5 
meter ) ( Figure 5 . 1 2 ) .  F igure 5 . 1 3  shows the  be  t l inear fit between observed and 
calculated heads for the year 1 9  6 assuming that the recharge rate is 30% of the rainfa l l .  
The  corre lat ion coefficient (R)  i 0 .9849. Despite the  fact  that R is  very c lose to  1 for the 
ection of point cho en ( 1 0,000 points out of 45 ,000), the recharge value of 30% i the 
maximum reported value and probably  is  too h igh for the study area. Thus the recharge 
rate wa reduced to 20% and 1 0%.  The s imulated heads in both cases are shown in 
figure ( 5 . 1 4, 5 . 1 6 ) respectively.  The figures indicate that there i reasonable 
improvement in the fit if the recharge is reduced to 20% and 1 0% of the rainfa l l  rate.  
F igures 5 . 1 5  and 5 . 1 7  shows the be t fi t between oobserved and s imulated hydraul ic 
head for the year 1 986 wi th recharge 20% and 1 0% respectively.  Wi th recharge 20%, 
the RMS i 0 .9998. The RMS with recharge 1 0% reached 0.993 1 .  Therefore, the 
recharge rate in th is  model was assumed to be ranging from 1 0  to 20 % of rainfa l l  rate. 
By as uming that the recharge is 20% of the rainfa l l  the estimated amount of the 
recharge in the study area is 3 .6  M C M  for year 2005 . The extraction rate in  year 2005 
wa 74 M C M  ( more than 20 t imes the recharge rate) .  Therefore the sustainable extraction 
rate i around 4 MCM pear years ( steady groundwater seepage to the sea under the steady 
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F igure 5 . 1 2  S imulation resul t  of model cal ibration under transient condition for observation 
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F igure 5 . 1 3  Observed and simulated hydraul ic heads for the year 1 986 with recharge 30%. Linear 
trend and corre lation coefficients are a lso shown 
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Figure 5 . 1 4  Simulation re u l t  of model cal ibration under transient condition for observation 
hydraul ic head and calculated hydraul ic head 1 986 with 20% of recharge . 
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F igure 5 . 1 5  Observed and simulated hydraul ic head for the year 1 986 with recharge 20%. 
L inear trend and corre lat ion coefficient are also shown. 
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Figure 5 . 1 6  imu lation re ult  of model cal ibration under tran ient condition for observat ion 
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F igure 5 . 1 7  Ob erved and Imulated hydraul ic heads for the year 1 9  6 with recharge 1 0%. 
L lIlear trend and correlation coeffic ients are a l  0 hown . 
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5.8.3 M odel verification 
The at isfa tory tit  (± 5 meter) obtained betv/een ob erved and calculated groundwater 
ontours in the cal ibration period ( 1 969- 1 9S6),  the cal ibrated values of hydraul ic 
conducti i t ie and torati i t ie  were u ed in the ub equent verification imulation in the 
period 1 9  6-2005 . The c mpari on between the ob erved and calculated hydraul ic head 
for year _005 ( Figure . 5 . 1 S ) indicates that there i a good match behveen the contours and 
the maximum de iat ion i Ie s than 7 meters. Figure 5 . 1 9  hows the best l inear fi t 
between ob erved and calculated heads for the year 2005 .  The correlation coefficient is 
.9  98. Thi i s  val idat ing the cal ibrated Hydrogeological parameters and thus the 
de e loped model i eri tied and can be used for the prediction purposes. 
360054 370054 380054 
... ... '" ... 
.. 
CD '" 




- - - Observation Hya aulic Head 2005 
- Simulated Hydraulic Head 2005 
c: l<hatt Chatchment 
-- Constent Head ( He ad - 0) 
.-.- No Flow Boundary (Flux = 0 )  
.-.- No Flow Boundary ( Flux = 0 )  
390054 400054 4 10054 
-j I i i ! ! I 
I :! � � I .. 
I N 
! ",, " 





i ... i " 
1 , "  i I ,' _ � -.- - - .-.-- - -.- - - - - .-.--.-- � .--- --.- -.-. 
o 5 10 
EI ==3==:=:11 Kllom.t ... 






I I L./ . 
4 10054 
Figure 5 . 1 S  Observation hydraul ic head and simulation hydraul ic head for year 2005 
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Figure 5 . 1 9 : Observed and imulated hydraul ic  heads for the year 2005 ( at the end of 
verification s imulation period) in moni toring \ e l l s  Khatt- l and RAK- 1 4 . Linear trend and 
correlat ion coeffic ients are also shown 
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The cal ibrated and verified model was used to evaluate seven management a lternative 
for the groundwater flow in  the aquifer system under consideration in  order to explore the 
u tainabi l i ty of the aquifer and the feasibi l i ty of these plan . The simulation period 
e. tended fonn year 2005 to year 203 5 .  The main difference among these scenarios is the 
change in  extraction rates ( Tables 6. 1 -6 .2) .  In  all scenario , the high changes in the 
hydraul i c  head occur in the pumping contours ( middle parts of Khatt springs and Al­
H arnranya areas) in  tenns of inten ive drawdown in  the  scenarios in  which groundwater 
pumping increased and rea onable water table  rise ( i n  the scenarios in which extraction 
rate were decrea ed. 
Tabl e  6. 1 - The imulated seven groundwater management scenarios in Khatt area 




150% & stop pumping from the wel l 's  i n  




75% & stop pu mping from the well's i n  
A I -Hamran iyah area 
7 50% 
1 1 2 
Table 6 .2  Pumping extraction rate i n  group ( 2 )  and ( 3 )  at Khatt area. 
Pu mping Extraction rate Pumping Extraction rate 
cenario 
(m Iday) ( mJ/day) 
Year 2005 Years ( 2006- 2035) 
G roup G roup G roup Group 
(2 )  (3) (2) (3) 
1 3 1 6  3 1 6  3 1 6  3 1 6  
2 3 1 6  3 1 6  474 474 
3 3 1 6  3 1 6  0 474 
4 3 J 6  3 1 6  395 395 
5 3 1 6  3 1 6  237 237 
6 3 1 6  3 1 6  0 237 
7 3 1 6  3 1 6  J 58 1 58 
6. 1 SC E N A RIO ON E (BASE SC ENARIO)  
In  th is  cenario, the current extraction rate ( 3 1 6  m3/day) ;  (Table 6 . 2 )  was kept constant 
during the prediction period ( groups 2, 3 ) .  Maj or cones of depression have been 
developed around the pumping wel l in Al-Hamranya area (middle of the mode l led area, 
F igure 6. 1 ) . This is causing sub tantial  change in the local flow pattern in this area. The 
imulated groundwater head indicates that the water table has fal len from 3 5  below mean 
sea level  in 2005 to 50 meters below mean sea level in year 2035 ( F igure 6. 1 ) . The 
a ociated drawdown increa ed from 50m, 55m and 60m in years 2 0 1 5 ,  2025 and 2035, 
re pectively ( F igure 6 .2 ) .  
6.2 SC E N A R I O  TWO 
Farmer in  the northern emirates are not  obl igated to  record their extraction rates or  to 
fol low certain crop pattern. Wi th the expected revenue increase for certain agriculture 
products (e .g .  a lfa lfa) ,  farmers may dec ide to grow these crops; many of which need 
more water ( irrigation requirement for a lfa lfa is  almost 3 t imes the irrigation requirement 
of frui t  and vegetables)  ( J reA 1 996). In this scenario, the total extraction rate was 
increased by 50% to reach 474 m3/day and kept constant t i l l  year 2035 (Table 6 .2) .  
F igu re 6 .3  i l lustrates the s imulated hydraul ic head groundwater contours. For th is  
scenario, roughly in the study area, water table reached 60m , 75m and 90m (bms l )  for 
years 20 1 5, 2025 and 2035 respectively ( F igure 6 .3 ) .  The simulated draw down in whole 
area, estimated drawdown for year 20 1 5  reached 70m and increased to reach 1 00 m in 
1 1 3 
year 2035 ( F igure 6.4) .  A water level of 90 m below mean sea level in a co tal area l ike 
Al- Hamran a implant the fol low e er environmental problem: 
The historical ly  famous agricul tural  area of AI-H amranya wi l l  be total ly 
damaged and mo t of the fanns wi l l  be abandoned. 
o t !  a l in ization and Eco y tem damage. Unfortunately not even 1 11 a one, 
hundred tim pan the groundwater si tuation can be remediate one it reach that 
extent of pol l ution . 
• :. Due to hydrau l ic connection between the Quaternary aquifer and the Karsti fied 
aquifer of Ra Alkhaimah ( RAK)  , thi would certainly soon or later to the 
contamination an impact ource of freshwater resource . 
6.3 SC EN A R I O  T H R E E  
Con idering expected urban expansion in  Ras Al  Khaimah City, the local Government of 
Ras Al Khaimah may decide to demoh h several farms in the northern and eastern side of 
Ra -AI Khaimah City and con equently pumping from the wel l s  in these fanns wel l  be 
cea ed. To account for thi , wel l s  a grouped in two categories. The fir t group contains 
wel l s  from which pumping wi l l  be contin ued after year 2005 and the second group 
contai n  wel l s  from which pumping wi l l  be stopped start ing from year 2005 (abandoned 
fann ). Therefore, the extraction rate a lso increased to reach 50% in the fist group wel ls 
and et to zero in  the second wel ls  group ( Table 6 .2 ) .  The minimum hydraul ic head in  
year 2 0 1 5  reached 5 5  m (bmsl ) and i t  i estimated that it wi l l  fal l  to 80 m (bmsl) by the 
year 2035 wi th an average 1 . 5 m/year ( F igure 6 . 5 ) .  In the study area, the associated 
drawdown increased from 65 m at year 20 1 5  to 75 m in year 2025 and not exceed 90 m 
in  years 2 03 5  ( F igure 6 .6) .  Scenario 3 cause a rise of 45 meters in the water table after 
25 years due to stoppage of pumping, whi le in scenario 2,  a rise of 55 meters in water 
table after 25 year ( Figures 6 .5 ,  6 .3 ) .  Despite the fact that, the only difference between 
scenario 2 and 3 are stopping pumping from some wel ls in Al -Hamranya area, there is  
sti l l  remarkable  water table  rise and this rise could reach as maximum as 1 0  meter in  the 
area ( Figure 6 .7 , 6 .8 ) . Scenario 3 did not reduce drawdown as the simulated hydraul ic is 
s t i l l  around 50 meter below mean sea level .  This encourage proposing scenarios 5 and 7 
in which the extraction in  the whole area was reduced by 25% and 50%. 
1 1 4 
J10000 380000 390000 .. 0000 .fIOOOO 
- - - hydraulic head 2005 
- hydraul ic  head 201 5  
CI Khattcatch 
(a) 
J10000 380000 390000 .. 0000 .f10000 
- - - hydrauli c head 2005 
-- hydrauli c head 2025 
Khattcatch 
(b) 
J10000 380000 390000 .. 0000 .. 10000 
- - - hydraul i c  h e ad 2005 
-- Hydrauli c Head 2035 
Khattcatch 
(c) 
F igure 6. 1 Hydraul ic Head contours of scenario one ( a )  20 1 5 , (b )  2025, ( c )  2035.  
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Figure 6 .2  Drawdown contours of scenario one ( a )  20 1 5 , (b )  2025, ( c )  2035 .  
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F igure 6.3 Hydraul ic Head contoW's of scenario two (a) 20 1 5, (b) 2025 ,  ( c )  2035 .  
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Figure 6.4 Drawdown contours of scenario two (a )  20 1 5, (b )  2025 ,  ( c )  203 5 .  
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Figure 6.5 Hydrau l ic Head contour of cenario three (a )  20 1 5 , (b) 2025 ,  ( c )  203 5 .  
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F igure 6.6 Drawdown contours of scenario three (a )  20 1 5 , (b )  2025, ( c )  203 5 .  
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Figure 6 .7  Comparison between the changing in hydraul ic head in scenario two and 
scenario three (a )  20 1 5 , ( b )  2025 ,  ( c )  2035 
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Figure 6 .8  Comparison between the changing in Drawdown in scenario two and 
cenario three ( a )  20 1 5 , (b )  2025 ,  ( c )  2035 
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6.4 C E N A R I O  FO U R  
Due to the ab ence of a law coordinating dri l l ing acti i t ie and extraction rate , falmer 
tend to 01 e the problem of wel l drying by dri l l i ng deeper wel l  . The pos ible increa e in 
the e tract i  n rate to meet e pected increased future demand by assuming that the total 
extraction rate w i l l  increa e b 2 0'0 to be 395 m
3/day ( Table6 .2 ) .  
F Igure 6 .9 how the  simulated groundwater contour in th i s  cenario.  The simulated 
groundwater contour indicate that there i a decrease of water table in whole area. For 
e ample the ater table  ha fal len from 35  below mean ea level in 2005 to 70 meters 
below mean sea level in year 2035 ( F igures 6 .9). In the study area, the a sociated 
drawdown increa ed from 60 m at year 20 1 5  to 70 m in year 2025 and not exceed 80 m in 
year 203 - ( Figure 6 . 1 0) .  The simu lated groundwater contours for cenario four indicates 
that there i a decrease of water table in whole area. 
6.5 S C E N A R I O  F I V E  
Thi  cenano i considered to predict the consequences o f  the reducing the present 
extraction rates by 25 0 o .  Thi repre eots cultivating Ie s-water demanded crops uch as 
vegetable  and fruits .  I n  th i s  case, an extraction rate of 23 7 m
3/day was assumed to  be 
con tant unt i l  year 203 5 (Table 6 .2 ) .  
F igure 6. 1 1  represent the  simulated changes in  the  hydraul ic head during simulation 
period from year 2005 t i l l  year 2035 .  By year 20 1 5 , the simulated hydraul ic head wi l l  
reach 20 m ( bms l )  and i ncrease to  reach the  minimum value of 1 0 m (bmsl ) by  year 2035 .  
The imulated drawdown in  year 20 1 5  reached 30 m,  decreased to  25  m in year 2025,  and 
exceeded 20 m ( Figure 6. 1 2 ) .  
The  imulated groundwater contours ( F igure 6. 1 1 ) indicate that the  reducing in 
groundwater abstraction by 25% wil l  lead to a pat ia l ly and temporari ly varied water 
table rise. Since i t  was estimated by IW ACO ( 1 986) that the average thickne s of the 
Quaternary Aquifer ( al luvial gravel ) is 80 meters, i t  can be concluded that the aquifer 
under th is  scenario w i l l  gain 25% of its steady state saturated thickness in 20 year only. 
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Figure 6 .9 Hydraul ic  Head contours of scenario four (a )  20 1 5 , (b)  2025, ( c )  2035 .  
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Figure 6. 1 0  Drawdown contours of scenario four (a )  20 1 5, (b )  2025, ( c )  203 5 .  
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Figure 6. 1 1 Hydraul ic Head contours of scenario five ( a )  20 1 5 , (b )  2025 ,  ( c )  2035 .  
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Figure 6. 1 2  Draw down contours of scenario five ( a )  20 1 5 , (b )  2025 ,  ( c )  203 5 .  
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6.6 C E  A R l O  S I X  
1 0  thi cenario, i t  i a umed that the agricul ture sector wi l l  comply with the UAE federal 
go emm nt trategy declared by hi H ighness Sheick Mohammed Bin Ra hed Al 
aktuom in ovember 2007 to reduce the pre ent extraction rate by 25% as well  a 
topping pumping from the wel l  near I -H amranya area (approximately 1 00 wel l s  from 
group 3 )  tart ing from year 2005 to minimize the impact of the agricultu re ab traction 
(Table 6 .2 ) .  
F igure 6 . 1 3  hO\ s the imulation re ult in terms of hydraul ic heads. In the study domain, 
by year 20 J 5 the hydrau l ic head w i l l  reach 1 5  m (bmsl ) and increa e to reach the 
mlOimum value of  5 111 (bm I)  in  year 203 5 .  In  the same t ime the associated drawdown 
\\'i l l  decrea e from 25 m at year 20 1 5  to 1 5  m by year 2035 ( F igure 6 . 1 4) .  
The  compari on behveen figure 6 . 1 5  and 6 . 1 6  indicate that the  obtained results under 
thi management cenario ar very much simjlar to those obtained in scenario five and 
on l  d iffer in  magni tude. For  e ample the  imulated water table rise by year 2035 in the 
tudy area i 30 meter in cenario 6 instead of 25 meter in scenario 5. Thi justi fication 
further pumping reduction in cenarios five and even . 
6.7 SC E N A R I O  S E V E N  
I n  thi scenario i t  i a umed that the year 2005 exploi tation rate for a l l  i rrigation 
purpose i reduced by 50  % either by changing the crop pattern and using less water­
con uming crops, or complete abandonment of 50% of the existing farms. I t  is also 
a sumed in  this scenario that abstraction rate w i l l  be unchanged t i l l  year 2035 (Table 6 .2 ) .  
In the  s imulation re  u I t s  for the  whole tudy shown in Figure 6. 1 7, the hydraul ic head of  
year 20 1 5  reached contour 5 m ( bm I ), and d id  not exceed 5 m (amsl )  by  year 2035,  whi le 
the drawdown decreased from 45 m to 1 5  m to 1 0  m and wil l  not exceed 5 m in years 
2005, 20 1 5, 2025 and 2035 respectively ( F igure 6. 1 ). 
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F igure 6. 1 3  Hydraul ic  Head contours of scenario ix (a )  20 1 5 , (b )  2025, ( c )  203 5 .  
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F igure 6. 1 4  Drawdown contours of scenario five (a )  20 1 5 , (b )  2025 ,  ( c )  203 5 .  
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F igure 6. 1 5  Comparison between simulation results of changing the hydraul ic head 
between cenario five and scenario six (a )  20 1 5, (b )  2025 ,  ( c )  203 5 .  
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SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
7. 1 S U M M A RY A N D  CON C L U S I ON S  
Thi tudy aimed at simulat ion and evaluation o f  groundwater management options i n  Khatt 
ba in area u ing MODFLOW and uti l izing a G IS  databa e built by the Ministry of 
Environment and Water. Prior to groundwater model ing, characterization of the geological 
and hydrogeological ettings of the tudy area was performed. 
The data ba e a lso included the results of a 3 D  geological model which was very useful in 
detennining the patial variations in the l ithological composit ion of these aquifer and the 
a ociated hydrogeological parameters and thus faci l itates the preparation of the input fi les 
for MODFLOW. The groundwater flow model for was calibrated under steady and transient 
condit ions. The avai lable h istorical data of water levels in  the period 1 970- 1 986 and 1 987-
2005 were u ed in  model cal ibration and verifications, respectively. 
After model erification ( cal ibration),  several management scenarios were simulated. I n  the 
first cenario,  ( base scenario),  it was assumed that there wi l l  be no change in present 
extract ion rates for the corning 30 years. Result of this scenario indicate that pumping rate 
introduced wi l l  resu l t  in ignificant lowering of the water table. 
The estimated drawdown i 60 m in the next 30 years and wil l  complete dewater the 
Quaternary aqui fer. When the present extraction rates were increases by 50% in the second 
scenario, to represent the expected increase in water demand in the coming 30 years, 
dewatering of the Quaternary aquifer occurred and the water table elevation wi l l  fal l  from 
3 5 m  ( bm 1) to 90m (bmsJ ) in Ie s than 30 years. 
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I n  th third 'cenurio, pumping from tbe wel l near AI-Hamranya area ( approximately 1 00 
wel l ) i topped. In scenario 4, it was a umed that the total extraction rate wa increased by 
2 5° ° from the pre ent rate . The simulated drawdown in reduced by 20 m compared to the 
e ond cenario in year 203 5 .  This change i not con idered succes ful as the water table is 
,t i l l  continuou Iy dropping.  Therefore, reductions i n  the present extraction rates are found to 
be mandatory. Reduction of 25 % of the pre ent rate i assumed in  scenario 5. This led to 
water table ri e up to 25m in the corning 30 year. Stopping the pumping from AI-Hamranya 
area helped to gain additional 5 m in water table elevation in cenario 6 .  In the last scenario 
( cenario 7) it \Va a sumed that the total abstraction rate wi l l  be reduced by 50%. 
Thi pre en ted the best c nario with respect gain in water table elevations. However, this 
might not be a fea ible option a i t  wil l require reducing the cult ivated areas in the study 
domain .  At any rate. this dec ision is  left to decision maker in the min istry environment and 
water. Ba ed on the above discussion, the flowing spec ific conc lu ions can be stated : 
1 .  Groundwater leve ls  have been dec l ining since 2005 due to the excessive pumping to meet 
the increa ing agricul tural demand . 
') Model cal ibrat ion and verification under transient condition indicates that the simulated 
groundwater contour match very we l l  with observed contours when a recharge value of 
20°'0 from the actual rainfa l l  was assumed. 
3 .  Keep ing the pre ent groundwater extraction rates wi l l  result  in  complete dewatering of 
the Quaternary Aquifer. 
4 .  Decreasing the present groundwater extract ion by 2 5 %  wi l l  lead to water tab le rise i n  the 
coming 30 year. 
5. AI 0 decreasing the present groundwater extraction by 50% was the best scenano; 
however, i t  might not be feasible .  
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7.2  R E CO M M E N DAT I O  S 
1 .  roundwater pumping 1 11 Khatt pnng area and Al-Hamranya areas should be 
reduced by at lea t 25°(0 of the pre ent a lue to a oid evere negat ive environmental 
impact in the near future. Thi can be achieved by u ing the modern irrigation 
technique and changing crop di tribution. 
2. i th the avai labi l i ty of a very wel l -documented environmental data, and more 
powerful model ing oftware (e .g .  FEFLOW, MODFLOW with sal twater intru ion 
m del ing capabi l it ies) ,  it i recommended to use solute tran port model to determine 
the e tent of al twater intrusion in  the area and possible solutions. 
3. The relatively high temperature of the Khart pnngs groundwater is considered a 
de i red feature. Modeling heat transport in Khart prings could be a possible 
exten ion of this work to study the effect of pumping rate increases on water 
temperature. 
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a b le A. I Dai ly Rainfa l l  for year 1 979 - 1 980 in Khatt tation 
STATION : K H A TT DA I LY RA I N FALL YEAR : 1 979 - 1 980 
DATE 0 T NOV DE JAN FEB MAR A PR MAY J N E  J L Y  A G E P  








1 0  
1 I 28.2 
1 2  5 .0 
1 3  
1 4  1 .0 
1 5  
1 6  
1 7  1 1 .4 
1 
1 9  1 .8 
20 55 . 1 







28  6.5 
29 1 0.2 
30 24.5 
3 1  
TOTA L 1 0.2 0 .0 1 1 3 . 5  1 .0 37.6 1 6.2 0.0 0.0 0.0 0.0 0.0 0.0 
Al'l U A L TOTAL : 1 78.5 m m  
1 5 1  
a b le A.2 Dail Rainfal l  for year 1 980 - 1 98 1  in Khatt tation 
�TATION : K H ATT DA I LY RA I N FALL YEAR : 1 980 - 1 98 1  
DAT o T ""OV DEC J FEB MAR APR MAY J E JLY U G  EP 
1 
2 48.0 





1 0  
I I  
1 2  .5 
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  6. 1 
20 










3 1  
TOTAL 0.0 0.0 6. 1 0.0 0.0 25 .0 42.0 48.0 0.0 0.0 0.0 0.0 
A N N UA L  TOTA L :  1 2 1 . 1  m m  
1 52 
Table A.3 Dai ly Rainfa l l  for Year: 1 9  1 - 1 9  2 in Khatt tat ion 
STATlON: K H ATT DA I L Y  RA I NFA LL YEAR : 1 98 1  - 1 982 
DATE CT NOV DE JAN FEB t A R  APR MAY JNE  J L Y  
I 22.0 
2 1 . 7 2 .5  
3 9.0 
-+ 
5 1 . 5 
6 4 .  
7 
4 .3  
9 7.0 
1 0  
I I  2 . 5  
1 2  1 5 .0 
1 3  3 7.2  25 .0 
1 4  2 5 . 5  5 . 0  
1 5  
1 6  
1 7  5 .6  
I 
1 9  
20 
2 1  1 . 1  
22 1 .5 
23 







3 1  
TOTAL 1 . 5 0.0 0.0 7 .3  1 1 7 .2 1 1 2 . 3  0.0 0.0 0.0 0.0 
A N N U A L  TOTAL : 238.3 m m  
1 53 
A G E P  
0.0 0.0 
Table A .4 Dai ly Rainfal l for year 1 9  2- 1 983 in Khatt tation 
STATI ON : K HATT DA I LY RA I N FALL 
DATE o T OV DEC JAN F E B  MAR APR 
I 3 1 .6 0.2 
2 1 4.5  
3 
4 3 1 .2 2 . 5  0.4 




1 0  7 .6  5 .2  
I t  29. 2.0 
1 2  3 7.0 1 .4 
1 3  4. 1 6.2 
1 4-
1 5  6.4 0.2 
1 6  2 .8  0.2 
1 7  0.2 
1 1 5 .6 
1 9  3 .0 0.2 
20 34.0 
2 1  









3 1  1 6.4 
TOTAL 0.0 82. 1 40.5 34.2 90.6 49.2 1 0.2 
A N  U A L  TOTAL : 3 1 7.6 m m  
1 54 
YEAR : 1 982- J 983 
MAY J N E  J LY A G SEP  
1 0.6 
0.2 
0.0 0.0 0.0 1 0.6 0.2 
Table A.S Daily Rainfa l l  for year 1 9  3- 1 9  4in Khatt tation 
STATION : K H ATT DA I LY RA I N FALL 









1 0  
I I  
1 2  0.2 
1 3  
1 4  1 . 8 
1 5  4.6 
1 6  
1 7  
I 0.6 3 . 8  
1 9  2.0 3 .4 
20 
2 1  
n 




27 3 .0 
28 
29 
30 0.4 2 . 2  
3 1  
TOTAL 0.4 0.0 5 . 8  2.2 0.2 1 3 .8 0.0 
AN UAL TOT AL : 22.4 m m  
1 55 
YEAR : 1 983- 1 984 
M A Y  J N E  J L Y  AUG SEP  
0.0 0.0 0.0 0.0 0.0 
Table A.6 Daily Rainfa l l  for year 1 9  4 - 1 9  5 in Kbatt tation 
STAT I ON : K H ATT D A I LY R A I N FA L L  






6 0.2 6.0 
7 
5 .4  0.2 
9 1 . 8 0._ 
1 0  3 .2  
1 1  4.4 
1 2  
1 3  
1 4  0.2 
1 5  
1 6  
1 7  
1 
1 9  
20 








29 8 .4 
30 4.0 
3 1  
TOT A L  0.0 0.0 23 .4  6 .8  0 .2  4.0 0.2 
A N U A L  TOTA L : 35.0 m m  
1 56 
Y E A R : 1 984 - 1 985 
l A Y  J N E  J LY AUG EP 
0.2 
0.2 
0.0 0.0 0.0 0.2 0.2 
Table A.7 Dai ly Rainfal l  for year 1 9  5 - 1 9  6 in Khatt tation 
STATI O N  : K H ATT DA I LY R A I N FA L L  Y E A R : 1 985 - 1 986 










1 0  1 .2 0.6 
I I  
1 2  
1 3  
1 4  
1 - 1 .8 1 1 .2 
1 6  0.4 
1 7  
1 8  8.2 
1 9  1 .0 
20 
2 1  






27  1 .0 
28  
29  
30 1 .0 
3 1  1 1 .0 
TOTAL 0.0 0.0 5 .2  1 2 .0 J 2 .4  1 2 .2 0.6 0.0 0.0 0.0 




Table A.S Daily Rainfal l  for year 1 9  6 - 1 987 in Khatt tation 
STATION : K H ATT DAILY RAlliFALL YEAR : 1 986 - 1 987 





5 3 . 8  3 .2  




1 0  
1 1  
1 2  1 .6 
1 3  0.2 
1 4  3 .2  
1 5  
1 6  
1 7  
I 
1 9  0.2 
20 0.2 0.6 
2 1  





26 4 .8  
2 32 .8  
28 
29 25 .8 
30 0.2 1 3 .2 
3 1  0.2 0.2 
TOTAL 0.0 0.0 20.6 0.8 1 .4 82.8 3 .2  0 .2  0.0 0.0 




Table .9 Dai ly Rainfal l  for year 1 9  7 - J 9 in Khatt tation 
STATI ON : K H ATT DAILY RA I N FALL Y EAR : 1 987 - 1 988 
D TE OCT NOV DE J N FEB JAR APR I\ IA  Y J N E  J LY AUG 






9 2.2 1 6.2 
1 0  0.2 38 .2  
I I  
1 2  
1 3  
1 4  
1 5  
1 6  30.0 
1 7  47.0 0.4 
1 6.0 
1 9  1 2 .6 
_0 0 .4  
2 1  1 .0 
22 
23  4.0 
24 2 1 .6 
25 1 .2 
26 0.2 20.8 
27 1 . 8 
28 
29 
30  6 .8  
3 1  2 .0 
TOTAL 0.0 0.0 1 1 .0 22.4 1 43 .4 2 .8  22.6 0.0 0.0 1 2 .6 0.0 
A N N UA L  TOTAL : 2 1 S.0m m  
1 59 
E P  
0.2 
0.2 
Table A. 1 0  Dai ly Rainfa l l  for year 1 98 - 1 9  9 in  Khatt Stat ion 
STAT I ON : K H ATT DA I LY R A I N FA L L  Y E A R : 1 988 - 1 989 
DATE OCT OV DE JA F E B  I\I A R  A P R  M A Y  J N E  J LY 
I 0.4 
2 1 9.2 
3 0.4 






\ 0  1 .0 
1 1  2 .8  
1 2  
1 3  
1 4  
1 5  0.4 
1 6  1 .2 
1 7  1 3 .4 
1 8  7.2 
1 9  
20 
2 1  






28 6.6 6.0 
29 0.2 
30 
3 1  
TOTAL 0.0 0.0 6.6 0.0 23 .0 29 .4 7.4 0.0 0.0 0.0 
ANNUAL TOTA L :66.4mm 
1 60 
A U G  E P  
0.0 0.0 
Table A. l l  Dail Rainfa l l  for ear 1 9  9 - 1 990 in Khatt Station 
STATI ON : K H ATT DA I LY R A I N FA L L  Y EA R : 1 989- 1 990 
DATE OCT OV DEC J FEB M A R  P R  M A Y  J N E  J LY A U G  




5 4.8  0 .4  
6 0..+ 0.2 
7 0.6 0.4 
0.2 0.2 
9 6.6 0.8 
1 0  60.8 0.2 
I I  
1 2  
1 3  
1 4  4 .6 
1 5 1 .4 2 .  1 .6 
1 6  2 1 .0 
1 7  2.6 0.2 
1 8  
1 9  0.2 0.4 
20 0.8 







2 3 . 4  0.8 
29 0.2 
30 
3 1  5 .4 
TOTAL 0.0 0.6 34.0 9.0 7 1 .2 6.2 2 .8 0.0 0.0 0.0 0.0 
ANNUAL TOTAL : 1 23.8mm 
1 6 1  
E P  
0.0 
Table A. 1 2  Dail Rainfa l l  for year 1 990 - 1 99 1 in Khatt Station 
STATI ON : K H ATT DA I L Y R A I N FA L L  
DATE o T O\ ' DEC JAN F E B  M A R  A P R  




5 S A  1 4A 
6 0 .2  0 .6 
7 1 .0 
1 . 2 
9 
1 0  
1 1  
1 2  
1 3  
1 4  4.  1 .2 
1 5  4.0 
1 6  
1 7  
1 
1 9  
20 






27 1 0.6 
2 
29 1 9.4 
30 
3 1  
TOTAL 0.0 0 .0 0 .0 27 .8  1 2 .2 50.2 0.0 
A N N U A L  TOTAL : 90.2m m  
1 62 
Y E A R : 1 990 - 1 99 1  
l\ J A Y  J N E  J L Y  AUG E P  
0.0 0.0 0.0 0.0 0.0 
Table A. 1 3  Dai ly Rainfa l l  for year 1 99 1  - 1 992 in KJ,att Station 
STATlO� : K H ATT D_f\I LY R A I N FALL Y EAR : 1 99 1 - 1 992 
DATE OCT 'OY DEC JA FEB 1\I R A P R  MAY J N E  JLY AUG SEP 
1 2 .0  
2 1 .6 1 .0 
3 6 .4 30.2 20.0 
-l 0.2 3 . 8  2 . 4  





1 0  
1 1  
1 2  _ .6 
1 3  
1 4  
1 5  
1 6  
1 7  3 .8  
1 8  4 .2  1 6.2 
1 9  4 .4 
20 0.2 







28  0 .2  
29 
30 
3 1  0.4 
TOTAL l .0 0.0 20.6 3 1 .8 36.4 1 .0 25 .4  0.0 0.0 0.0 0.0 0.0 
A N N U A L  TOTA L : 1 1 6. 2 m m  
1 63 
Table A. 1 4  Daily Rainfa l l  for year 1 992 - 1 993 in Khatt tation 
STATI ON : K H ATT DA I LY R A I N FA L L  Y EA R : 1 992- 1 993 




4 35 .2  
� 





1 0  0.4 0.2 
I I  
1 2  
1 3  3 .0  
1 4  4.6 
1 5  7 .2  
1 6  
1 2.6 0.6 
1 8  
1 9 
20 
2 1  
22 1 7 .4 
23 4.8 0.8 
24 
25 0.2 
26 1 .6 
2 7  2.0 
28 1 0.0 0. 4 
29 0.2 
30 0.2 0.2 
3 1  1 0.4 0.4 
TOTAL 0.0 2.6 49.8 1 6 .6 1 63 .4 1 . 8 0.0 0.0 0.0 0.0 
A N N U A L  TOTAL : 235.4 m m  
1 64 





Table . 1 5  Dail Rainfa l l  for year 1 993 - 1 994 in Khatt tation 
STATI ON : K H ATT D A I L Y  R A I N FA L L  Y E A R : 1 993 - 1 994 
DATE OCT NOV DEC J A  F E B  M A R  A P R  M A Y  J N E  J L Y  
I 
2 0.2 






1 0  0.8 
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  0.2 
20 
2 1  0.2 
22 0.2 3 .2  
23 0.2 
24 1 9.6 
25 2.2 
26 
27 1 .0 
2 8  
2 9  0.2 
30 0.2 
3 1  
TOTA L 0.0 0.0 2.8 20.2 0.0 5 .0 0 0  0.8 0.0 0.0 
A N N UA L  TOTAL : 29.6 m m  
1 65 




Table A. 1 6  Daily Rainfal l  for year J 994 - J 995 in Khatt tation 
STATIO� : K H�TT DA I L Y  RAI N FALL YEAR : 1 994 - 1 995 










1 0  
I I  1 2 .6 
1 2  8.0 
1 3  1 7.0 
1 4  1 0.2 
1 5  
1 6  
1 7  
1 8  
1 9  6.0 
20 2.0 
2 1  2 .4 
22 2.0 1 6.0 
23 1 9.0 0.4 1 3 .2 







3 1  
TOTAL 0.0 0.0 0.0 0.0 27 .0 54.4 5.2 0.0 0.0 3 1 .8 
ANNUAL TOTA L : 1 1 8.4mm 
1 66 
AUG EP  
0.0 0.0 
Table A. I 7  Dai ly Rainfa l l  for y ar 1 995 - 1 996 in Khatt tation 
STAT I O N  : K H ATT DA I LY RA I N FAL L Y EA R : 1 995- 1 996 
D T E  OCT NOV DEC J A N  F E B  M A R  A P R  M A Y  J N E  J L Y  




5 0.4 0.2 
6 1 .6 
7 2 .6 0.2 0.2 
3 .4  0.2 
9 1 .4 OA 
1 0  9.0 0.2 OA 53 .6  
I t  20.8 6A 5 .0 
1 2  0.2 0 .8  59.6 0.2 
1 3  1 3 .2 1 5 .6 
1 4  
1 5  1 1 .0 
1 6  6 1 .0 7.0 0.8 
1 7  1 1 .6 9.2 1 5 .4 
1 4A 1 .6 
1 9  0.6 1 .2 
20 9.0 
2 1  1 .6 0.2 5 .0 
22 0.2 0.6 36.8 
23 48.8 0 .2 
24 0.2 




29 0.2 0.2 
30 OA 
3 1  0.2 
TOTAL 2.6 0.0 1 67 .6 68A 29A 1 77 A  1 .0 0.0 0.2 0.0 
A N N U A L  TOTA L : 446.6mm 
1 67 
A U G  E P  
0.0 0.0 
Table A. 1 8  Daily Rainfa l l  for ear 1 996 - 1 997 in Khatt Station 
STAT I ON : K H ATT DAI LY RA I N FALL YEAR : 1 996 - 1 997 









9 8.0 1 .2 
1 0  7 .6 
I I  
1 2  
1 3  0.2 
1 4  6.6 
1 - 7.4 
1 6  38.0 
1 7  6.2 
1 8  0.8 
1 9  
20 
2 1  2 .2 
22 1 4.0 
23 2.6 
24 8.0 1 .4 
25 0.2 38.0 23 .4 
26 
27 0 .2 
28 
29 0 .6 3 .0 4 1 .8 
30 
3 1  0.2 
TOTAL 8.8 3.0 8.2 54.2 0.0 1 34.6 3 .4 0.0 0.0 0.0 






Table A. 1 9  Dai ly Rainfa l l  for ear 1 997 - 1 99 in Khatt tation 
STAT I ON : K H ATT D A I LY R A I N FA L L  
D TE 0 T OV DEC J A  F E B  M A R  A P R  
I 73.0 
2 � .0 9.0 
3 2.4 0.2 
4 0.4 
5 1 1 . 8 0.2 
6 0.2 
7 1 .0 1 .0 
9 
1 0  0.2 
1 1  0.2 
1 2  0.2 1 1 .2 
1 3  1 9.0 1 .2 
1 4  0.2 
1 5  0.2 
1 6  2 .0 
1 7  0.2 
1 
1 9  3 .4  0 .2  
20 1 8.0 0.2 6.0 
2 1  1 2 .0 
.,., 
0.2 4.0 6.0 
23 43 .0 
24 




29 1 7.0 
30 0.2 
3 1  3 8.0 0.2 
TOTAL 3 .0 66.4 1 2 .8  79.6 35 .2  83 .6 6.0 
A N  VAL TOTAL : 32 1 .6 m . m  
1 69 
Y E A R : 1 997 - 1 998 
M A Y  J N E  J LY AUG SEP 
0.0 0.0 0.0 0.0 0.0 
Table A.20 Dai ly Rainfa l l  for ear 1 99 - 1 999 in Khatt tation 
STATI ON : K H ATT DA I LY R A I N FA L L  
DATE o T Ov DEC J A N  F E B  M A R  A P R  
I 







1 0  
I I  
1 2  0.2 28.4 0.2 
1 3  0.2 1 8 .6 
1 4  
1 5  0 .2  0.2 
1 6  
1 7  
1 8  8.4 0.8 0.2 
1 9  
20 0.2 









30  0.2 
3 1  0 .2 
TOTAL 0.0 0.2 1 0.2  5 .4  47.4 1 3 .0 0.0 
ANNUAL TOTAL : 76.2 m . m  
1 70 
Y E A R : 1 998 - 1 999 
M A Y  J N E  J LY A U G  E P  
0.0 0.0 0.0 0.0 0.0 
Table A.2 1 Dai ly Rainfal l  for year 1 999 - 2000 in Kllatt tation 
STAT I O �  : K H ATT D A I L Y  R A I N FA L L  Y Ei\R :  1 999 - 2000 










1 0  1 .0 
1 1  
1 2  2 .  
1 3  
1 4  
1 5  
1 6  0.2 
1 7  
1 8  
1 9  
20 







28  0 .8  
29 
30 
3 1  0.2 
TOTAL 0.2 0.0 0.2 1 .0 3.0 0.8 0.0 0.0 0.0 0.0 0.0 
ANNUAL TOTAL : 20.6 m . m  
1 7 1  
E P  
8.0 
7.4 
1 5 . 4  
Table A.22 Dai ly Rainfa l l  for ear 2000 - 200 1 in Khatt tation 
STATI ON : K H ATT D�I L\ ,  R A I N F�L L  Y E A R : 2000-200 1 
D T OCT 'OY DEC J F E B  M A R  A P R  M A Y  J N E  J L Y  
1 
2 





8 5 .8  
9 1 1 .6 
1 0  2.6 
1 1  0 .2 
1 2  
1 3  
1 4  3 .4 
1 5  26.4 
1 6  
1 7  
I 
1 9  
20 
2 1  
22 








3 1  
TOTAL 0.4 0.0 30.0 20.0 0.0 1 .6 0.0 0.0 0.0 0.0 




Table A.23 Dai ly Rainfa l l  for year 200 1 - 2002 in Khatt Station 
STATI ON : K J- I ATT D A I LY R A I N FA L L  Y EA R : 200 1 -2002 










1 0  1 .0 
I I  
1 2  
1 3  3 .4 
1 4  
1 5  
1 6  
1 7  
1 1 9.4  
1 9  0.2 O. 
20 0.2 










3 1  
TOTAL 0.0 0.0 0.0 4.2 0.4 22.0 0.0 0.0 0.0 0.0 0.0 0.0 
AN V A L  TOT A L :  26.6 m . m  
1 73 
Table .24 Dail Rainfa l l  for year 2002 - 2002 in Khatt tation 
STA T I ON : K H ATT D A J L Y  R A I N FA L L  
DATE 0 T 'OV DEC J N FEB M A R  A P R  M A Y  
I 1 . 2 





7 1 .0 
9 0.2 
1 0  
1 1  0.2 
1 2  0.2 
1 3  
1 4  0.2 
1 5  0.2 6.6 
1 6  5 .8  
1 7  O. 1 5 .8  
1 7.2 
1 9  0.2 
20 
2 1  
22 0.6 1 .4 
23 1 .0 0 .4 
24 3.0 
25 1 .6 
26 4 .2  0.2 
27 
28 0.6 2 .2  
29 
30 
3 1  0.2 
TOTAL 0.0 7 .8 4 .2  4 .6 7.0 4.0 30.8 0.0 
AN VAL TOTAL :  58.6 m . m  
1 74 
Y E A R : 2002-2003 
J N E  J L Y  A U G  S E P  
0.2 
0.0 0.2 0.0 0.0 
Table A.2S Dail Rainfa l l  for y ar 2003 - 2004 in Khatt tation 
STAT I O N  : K H ATT DA I LY R A I N FA L L  





5 1 .4 0.4 
6 0 .2 0.2 
7 0.2 0.2 
8 
9 
1 0  
I I  
1 1  0.2 
1 3  0 .2  
1 4  
1 5  
1 6  
1 7  
I 
1 9  
20 0.2 1 .6 
2 1  0.2 






1 1 4.4  
29  
30 
3 1  
TOTA L  0.0 0.0 0.2 3 1 .2 0.4 1 .8 0.0 0.0 
ANNUAL TOT A L :33.6 m.m 
1 75 
Y EA R : 2003-2004 
J N E  J LY A U G  S E P  
0.0 0.0 0.0 0.0 
Table A.26 Dai ly Rainfal l  for year 2004 - 2005 in Kllatt Station 
STATI ON : K H ATT DA I LY R A I N FA L L  Y E A R : 2004-2005 







7 0.2 0.4 
8 
9 0.2 
1 0  
1 1  
1 2  
1 3  
1 4  29.8 
1 5  
1 6  0 .4 
1 7  1 3 .0 
1 8  0.5 
1 9  0.2 1 .6 
20 3 . 3  
2 1  5 .8  0.2 0.2 
22 0.2 
23 
24 0.2 36.6 
2 5  
26 
27 0.4 
2 8  
2 9  l OA 
30 6.6 
3 1  
TOTAL 6. 1 4.4  1 7.0 42.8 30.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0  








Table B . 1 :  Observation Wel l  G P- 1 2  
YEAR 
JAN FEB MAR 
1 985 34.6 34.21 34.49 
1 986 36.09 35.82 35.96 
1 987 36.56 36.57 36.75 
1 988 36.95 36.35 35.83 
1 989 38.32 38. 1 2  38.3 
1 990 39.61 39.75 39.74 
1 99 1  41 .22 41 .26 41 .33 
1 992 43.96 43.37 43.65 
1 993 46. 1 5  45.79 46. 1 
1 994 50.64 50.65 5 1 .34 
1 995 53 52.24 5 1 .3 
1 996 53.3 52.8 52.6 
1 997 50.85 50.85 50.9 
1 998 52. 1 8  52.2 52.28 
1 999 53.41 53.45 53.55 
2000 59.24 59 .95 60. 1 3  
2001 68.79 66.2 66.35 
2002 70.1  7 1 .65 7 1 .75 
2003 84.37 84.37 84.38 
2004 88.1 88.2 88.2 
APR MAY JUN 
35.05 35.63 35.8 
36.24 36.45 36.5 
36.8 36.85 36.96 
36.3 36.81 36.83 
38.4 38.54 38.9 
40 40.24 40.3 
41 .27 42.03 42.73 
43.98 44.88 45.8 
47.02 47.42 47.86 
51 .81 53.55 55.28 
52.05 52.65 52.65 
52.5 52.4 52.1  
5 1 . 1  5 1 .45 5 1 .79 
52.38 52.48 52.6 
53.68 57.44 59.63 
62. 5  63.75 64.94 
68.04 69.28 69.98 
79 79 79.3 
84.3 88.25 88.68 
88.45 88.5 90.5 
JUL AUG SEP OCT NOV DEC 
35.5 35.3 35.37 35.71 35.91 35.81 
36.3 36.32 36.35 36.62 36.62 36.45 
36.55 36.55 36.86 37. 1 8  37.06 36.95 
36.82 36.82 37 . 1 2  37.47 37.84 38. 1 9  
38.97 38.85 38.8 39.06 39.6 39.62 
40 .35 40.45 40.57 40.68 41 . 1 1 41 .41 
42.73 43.1 43. 1 2  43.71 44.03 43.96 
46 46.23 46.28 46.69 47.02 46.67 
48. 3  48.5 49. 1  49.6 50.05 50.35 
55.36 55.48 54.38 54.3 1  56 55 
52.87 52.99 53.1 5 53.27 53.31 53.34 
5 1 .98 5 1 .78 51 50.88 50.89 50.85 
5 1 .8 5 1 .81 51 .83 5 1 .85 51 .87 51 .88 
52.68 52.79 52.86 52.91 52.2 53.4 
59.6 59. 52 59.8 60.85 60.35 60.39 
64.96 65.98 66.95 67.5 67.51 67.53 
70.2 70.69 70.89 70.05 70.01 70.05 
79.35 79.3 79.35 79.45 79.5 79.59 
88.69 88.69 88.7 88.7 88.7 88. 1 5  
90.5 90.6 90.65 90.65 90.7 90.73 
....... 
-...l \0 
Table B .2 :  Observation Wel l  RK- 1 4  
YEAR 
JAN FEB MAR 
1 987 21 .82 2 1 .94 22.05 
1 988 20.83 20.92 20.84 
1 989 2 1 .73 21 . 57 2 1 .36 
1 990 20.76 20.81 20.9 
1 99 1  21 .33 1 8.92 1 9.36 
1 992 20.5 1 6.06 1 7.37 
1 993 20.41 20.24 20.54 
1 994 2 1 . 58 21 .24 20.47 
1 995 20.83 20.92 20.84 
1 996 1 6. 34 1 0 .55 1 0 .45 
1 997 1 5.6 1 5.71 1 3.86 
1 998 1 4.87 1 4.37 1 2.04 
1 999 1 5.52 1 5. 54 1 5.55 
2000 1 7.65 1 7.72 1 7.79 
2001 1 9 .22 1 9.44 1 9.64 
2002 22.32 21 . 5  21 .24 
2003 22.1 22.1  22. 1 5  
2004 22.5 22.3 22.43 
APR MAY JUN 
21 .29 21 .64 2 1 .78 
20.9 20.96 21 . 1 2  
21 . 1 9  20.35 20.45 
20.27 20.45 20.65 
1 8. 56 1 8 .9 1 9. 3  
1 7 .9 1 8 .43 1 8.97 
20.58 20.76 20.94 
20.34 20.24 20.32 
20.9 20.96 2 1 . 1 2  
1 1 .9 5  1 2 . 5  1 3. 34 
1 4. 1 5 1 4.45 1 4.87 
1 3.64 1 4  1 4.28 
1 5.91 1 6.09 1 6.36 
1 8. 56 1 8.75 1 9 .03 
1 9.84 20. 1 8  20.92 
2 1 .24 2 1 .25 21 .6 
22 . 1 9  2 1 .87 22. 1 9  
23.32 23.52 23.98 
JUL AUG SEP OCT NOV DEC 
2 1 .88 21 .92 21 .92 2 1 .95 22 . 1 3 22. 1 5  
2 1 .36 21 .44 21 . 54 21 .75 21 .72 21 .73 
20.56 20.76 20.9 21 .02 21 .04 2 1 . 1 3  
20.65 20.99 21 . 1 2  21 .2 21 .3 21 .33 
1 9.43 1 9.73 1 9 .91  20.08 20. 1 9  20 . 1 35 
1 9.42 1 9 .65 1 9 .75 1 9 .94 20.08 20.24 
21 .05 2 1 . 1 5 21 .33 21 . 34 21 .36 21 . 55 
1 9.86 1 9.6 1 9.4 1 9. 1  1 8.94 1 7 .5 
21 .36 21 .44 21 . 54 21 .75 2 1 .72 21 .73 
1 3. 5  1 3 .95 1 4.37 1 4.73 1 5. 09 1 5.55 
1 4.85 1 5.05 1 5.9 1 5.93 1 5.95 1 5.97 
1 4.96 1 5.01 1 5.04 1 5. 1 7  1 5.39 1 5. 52 
1 6.7 1 7. 1 8  1 7.06 1 7. 2  1 7.24 1 7.27 
1 9.23 1 9.33 1 9 .45 1 9.69 1 9.55 1 9.73 
20.5 20.72 20.83 20.9 20.91 20.95 
2 1 .53 21 .83 21 .83 21 .9 21 .95 21 .99 
22.25 22.43 22.54 22.55 22.5 22.53 
24.05 24.5 24.85 24.77 24.87 24.89 
00 o 
Table B . 3 :  Observation Wel l  Khatt 
YEAR 
JAN FEB 
1 995 1 1 . 54 1 1 .62 
1 996 9.67 7.29 
1 997 8.3  8. 1 9  
1 998 7.88 7.02 
1 999 9.32 8.77 
2000 1 0.73 1 0 .85 
2001 1 0.69 1 0.91 
2002 1 1 . 89 1 1 .7 5  
2003 1 2. 1 5 1 2. 1 4  
2004 1 2.49 1 2.49 
MAR APR MAY J U N  
1 1 .68 1 1 .76 1 1 .78 1 1 .93 
1 .9 1  1 .95 1 .98 2.27 
7.88 7.55 7.5 7.83 
6.97 6.88 7.25 7 .64 
8.82 9.58 1 0.07 1 0 . 1 2  
1 1 . 1 2  1 1 .3 1 1 .44 1 1 .45 
1 1 . 1 4  1 1 . 52 1 1 .79 1 1 .87 
1 0.05 1 1 .78 1 1 .79 1 1 .87 
1 2.27 1 2. 1 7  1 2 .33 1 2 .43 
1 2. 89 1 2.93 1 3 .05 1 3. 1 6  
JUL AUG SEP OCT NOV DEC 
1 1 .86 1 1 .7 5  1 1 .63 1 1 .6 1 1 . 53 1 1 . 36 
2.85 3. 1 5  4.5 5.44 6.88 8.95 
8.05 8.35 8.9 9.47 9.49 9.51 
7.95 8.05 8.84 8.99 9.05 9 .28 
1 1 .24 1 1 .28 1 1 . 5  1 1 .56 1 1 .58 1 0.6 
1 1 .46 1 1 .55 1 1 .65 1 1 .66 1 1 .67 1 1 .7 
1 1 .93 1 2.02 1 2 .06 1 1 .98 1 1 . 99 1 2  
1 1 .83 1 1 . 1 2  1 2. 1 5 1 2 . 1 9  1 2 . 1 6  1 2. 1 1  
1 2. 5  1 2.46 1 2.48 1 2. 5  1 2. 5  1 2.52 




1 8 1  
WeU L og: Lithology & Con t ruction I 
Well ideot I Name I r===_G_P=4�==�.================��================�Dnll MClhod ROTARY Drill Dates 
395900 2820900 79.0  
All mea�uremenlS are iD meters. Hole aod casing diamders in inches. 
I Water L evel (m AM L) I VenicaJ . 51.65 . 





I Mcus. Pl Elcv. 
Scales (1: xxx) i l iOflJ.ontaJ 
Uthology 




1 40  
1 60  
1 80  
200 


























L Well Log: Lithology & Construction 
WeU Ident I Name G P-8 .=====� [ Drill Method Rotary I Drill Dale::. 
I 
181811 1983 
LI X ________ 38_87 __ 1 8 ______ �ly _______ 2_� ___ 3_9 ______ Llz ________ 4_8_.00 ________ LI_� ___ r_L_r_l_ev_. _____ 4a __ oo __ � 
;\11 me:uunmcots are in meters. l I ole and cnsing dia metcn in inches. t:ucr I .evel (01 AM 'I ) 







1 00  
120 
1 40  
160 
180 
Scales (1: xxx) 
I l lorizontal 
Lrthotogy 





























Well Log: Lithology & Construction 
WeU Ideot I Name GP-9 I Drill Method I Drill. Dat� 08/09/1 ?83  
398 1 13 2832171 26.00 I Mcas. Pl Ele" 
"II measurements ar� in m�ters. Hole aDd casing diameters in inches. ratcr l .eVcl (mAM"�1.00 I VeJ1ica1 
Scales (1 __ xxx) 
I ' rorizontal 
Oepth Hole [m) Annulus CsstnQ Screen LJthology 






Gravel with Sand 
1 20  
1 40  




























A PP E N D I X  C.3 avai lable l i thological log for Wel l GP-9 ( A fter MEW, 2005 ) 
1 84 
I 
[ Well Log: Lithology & Const ruction 
Well ldent 
G P- 1 2  I Name 
I Dnlt M�lhod =�==:::;:=========:::;:====::I=D=n=I\=. l=a=l=CS=::;:====1=9=!I3=====� t X 391 750 I y 283]600 1 7. 27.00 I Mea!>. PL Elcv 
II mea uremeolS are in melers. Hole and casinlt diamders in inches. 







1 00  
1 20  
1 40  
1 60  
1 80  
200 
Hole Annulus Casing Screen 
Scales (1: )()O() 
I V(.'rticol I I [om.Qnlul 
. 
Utho/ogy 











� -1 2O  
-1 40 
- 1 80 
WelJ Idcnt 
G P- 1 3  I Onll MClho.t 
r - - - -
Name 
ons f ru_c_ti_
"o n __ - ----___ --JI 
I I DrilL Dales 30/0 11983 --.-J 
_ I 2807-lj}.f =rl_. ____ IS.3_.oo ___ --'-I_M_cas_. f'L_,,_JC_V ___ l_SJ_.oo __ ....J1 
AU mea urrmcnts are ID mders. Hole and ca Ing diamelen in inches. l Wakr Level (m AMSL) 







1 00  
1 20  
1 40  
160 




Hole Annulus Casang Screen 
V.,rtical 
LrthoIogy 
Gravel with Sand 
Gravel with Sand 
ophio6les 




1 40  
1 20 









Well Lo!!: Lithology & Cons t ruction I ����-----�� ��------------� Wcli ldent I Name GP- 1 4  I DnlL Dales 
401 01 7 28')1 573 Iz 2l-t.00 
"II mea u rements li re in DIeters. Hole and casing diatneters in inches. 
19108fl983 
I Mcas. 1'1- [,lcv 
Scares (1: XXX) 
2 1 4.00 
rWalcr L evel (m i\M�L.) 
195.00 I I Vcnicul 1 1 lorizonUlI 
Depth Hole Annulus Casing Screen Lithology [m] 
0 <:> 
p.o-c,· 
D . < 
<:> 
10  10-0 ;"c 
°0°0' 




0 °0, Gravel with Sand 10>''''  <> <:> 
I=>"�oo· 
30 10, �"" I<>� <:> ' . 0 
I.". , r ·o <:> 
40 - Iv", <:> 42 ��<:""o r';.;;;·; 4: 
- 0' - '0 r.;..�;;,�< 50 - ' 0 - 0 �o,' < - o � o ��.;...� :. - 0 - 0-r.;,.;;,. " - 0 - 0 60 r.;,�;;..;( : 0 : 0 
10;:0, . • - ' 0 - 0 �·;;'-c . 0 -0 Gravel 70 p�o,:c : 00 : 0 p,·o,-c 
-00 - 0 - ��;;'·c - 0. - 0-
OO ��;;":c - 0 - 0 �.;;,-:. - 0 -0 �:;;.:c ' '0 -0 ��;;.-:. : 0 :0. 90 Io- Q,. C h�� 95 1<-- - -� 100 t?�8qg· �:.:.: Gravel WIth Clay � � .. -.... -







1 60  
t-- 1 70 
1 60  
1 50  
140 
r-
1 30  
t--
1 20  
r 
1 1 0  
I 
I 
, - WeU Log: Lit hology & Construction I �����--�--�------------� Well ldcnt 
RK-S I Dnll Method I Drill. Dates 10102/1985 
fA � 1 l 657 Iv 287922� 62.00 I Mcas. Pl Elcv. 
AU mtjl�uremenl.'; 2re in meltrs. "ole ftod casing dio01eters in inches. Scales (1: xxx) 
I Water Lc.d (m AMSL) I Vertical ! l lorilonLll 
Depth Hole 
1m] 
Annulus Casing Screen Lithology 
20 




1 20  
1 40 
































�1  ____ ��� .. ____ VV�e)�I�L�o�g:�L�l�· th�O�I�ogy�& __ c_o_n_s�tt_u_ct_io_D ________________ �1 
Well Ideot 
RK-9 I Name I Drill DatL'S 12J01/1985 
[x -1 1 133 1  28729Z3 Iz 87.00 I Mcas. PL Elcv 
" I I  IIIe3SU remen IS are in meters. Hole and casing dIameters in inches. Scales (1: xxx) 
















I Vertical I I IOnZOntal 
Casng Screen Lithology 
Gravel with Sand 
Umestone 













-1 40  
- 1 60  
WeU Log: Lithology & Const ruction 
Well ldcnt 
RK- 1 2  I Drill. M.:tlH)d ROTARY I Drill. Dates 
[x 39.iS38 2832 .. 1 1  Iz 24.05 
All measU�Dts .r� in melers. Hole and u ing diameters in incbes. I Water l rvel (m AM 1.) I Vertical -7.22 , . 
Depth Hole Annulus Casing Screen [m) 
: :0'':- ALLUVlUM o-� 39 
50 - � ' 0 ' 0-
I<>::�" · 0 c> �( . .  0: 1 00  ' 0 0  �;;" . 0 : 0-
I SO  IO-�o.�. to.:: .... : c : 00 . 00 �c., c ' 0 0 0-
200 10:0" ' 0 ' 0 
�::.;..:; · o � o 
250 �o;..- . · 0 <> �;.;.,. 0 - 0 
1985 
I Mcas. PL r.le. 
Scales (1; XJOl) 
I Horizontal 
Uthology 
300 � .... -
MARL,LMST,GRAVEL :0 : 0-[0"';',:,"'; 
350 �� .;,� < - 0" 0-����c 
400 - �';'o:�c ��  �o.�. 0 · 0 
450 I-';'c;..� �O-::.' ' 0 - 0 
500 - �o.:.. ( ' 0' 0 0 
0.' 0.: '= · 0. : 00 
550 - o-���'= 
";".::.0;..:;' 580 .-. 




1- 0  
-so 












700 � CLAY WITH GRAVEL(JUWElZA FOF 1MA1le  �  -700 � 750 1888 � -750  � 800  � 
A P P E N D I X  C.9 avai lable l i thological log for Well  R K- 1 2  (After M EW, 2005) 
1 90 
I 




_ _ I Drill. 1cthoo I Dnll. Dal�s 
58.00 
II musuremcnts are to meters.. l Iole and casiJlg diamelcn tn inches. fut.."f l..c\d (m I\M, �.50 J [crti<;al 
I 
--� 
20/02/1985 1 I Mc-.JS Pl. Elc\ 58.00 I 
Scales (1,' JOCX) 
I I orizonIal 
- 1---J 
Depth 
[m] Hole Annulus CasIng Screen 
Uthology Elev [m) 


















-1 60  
A P P E N D I X  C I O  avai lable l i thological log for Wel l  RK- l l (After M EW, 2005) 
1 9 1  
Wen Log: Lithology & Construction 
Well Idcnt 
R K- 1 4  I Drill "1elhod I Drill. Dates 3 1/0 11  l ?85 
[X _______ 3_9?9 __ 3_1 ______ Ly ________ � __ 06 __ 77 ______ JI_z_. _______ �_6_. oo ________ LI_M_� __ ._Pl_._E_�_V. _____ � __ oo ____ � 
II measu rermnts are in meters. Hole a n d  casing d i:tDleters in inches.. : Willer Level (m J\t\1SI ) 
26.00 
Depth Hole 1m) Annulus Casing Screen 
Scales (1: xxx) 
I Vertical I Horizontal 
Lithology 





































C Well Log: Lithology & Construction �--....;;--�--
Well Ident I Name RK- 1 5  [DDiT M..:lhod I Drill Dales Jun� 1 986 
E 397695 28 1 8102 Iz 1 06.20 I Mea, Pt. Elcv. 
AU m.,.sure.ments are io meters. Hole and casing diameters in incbes. 
I Water Lc.eJ (m AMSL) I Vertical . 47.20 .
Scales (1: xxx) 
I HoriLontal 
Depth Hole [m] Annulus Casing Screen l.Jthoiogy 





Gravel with Sand 
1 00  
1 20  
1 40  
1 60  




























- 1 20 









Well Log: Lit hology & Con truction I ----��--�------------------� 
RK- 1 6  
WeB Jdcnt I Name 
[x 399893 Jy 2822620 100.60 
\I mea ureDKols arc 10 meters. Hole and casmg diameters in inches. 
[ Water Levd (Ill M1:L) --� I Vertical L 4 1 .60 .- --
Depth Hole [m) Annulus Casing Screen 
2310611986 
I Me PL [lev 
Scales (1; lOOC) : I lorv.onlal 
lIlhOlogy 




ume.Gravel and Sand 
1 00  
1 20  
1 40  
1 60  





















































n _________ -----.JI 
I w,n ].<of I Name I R:K�-�1�7==��.================��================�. [?fill \1elhod I Drill Dat� 25/06/t 986  
rx- _____ 3_9_63_0_5 ______ �I_y ____ ___ � ___ 6_06_4 ______ �1_7 _________ 6_1._70 ________ �I_M_�_� __ � __ F_I_V ______ 6_1 ._70 ____ � 
\I me:.lSurements lire in meters. Hole and ca iog diameters in inches.. Scales (1: xxx) 
I Water Level (m AM 'L) I Vertical . 13.70 .
Depth Hole 1m] Annulus Casing Screen LJlhology 





1 00  
1 20  
1 40  
1 60  


























- 1 00 













Pumpio2 Test � 
Weil ident 
GP_4 I Name I 
Obs Well Distance [m] ! Average Pump. Rate [m3/day]! Duralion [min] ! Initial Sat Thickness [m] 
0.1 5  84.000 225.00 
Results 
Transmissivity [m2lday] ! Storage Coefficient ! Leakance [1 /dayJ ! Estimation Error [m] 
0.899 0.62003 0.26 
Fit Method Haotusb Metbod 
4 
/ 6 , , 
8 
I 10  !' I ..-. .s 
12  -� C I � 0 � 1 � 14 CO f .... 0 
16 1 t 
, • 
18  • 1 j 
20 ! 
22 
1 00  1 000 
Time [min] 
A P P EN D I X  D. l a semi-log plot of the drawdown against t ime for G P-4 ( A fter M EW, 2005 ) 
1 97 
I Pumpine Test 
Weil ident 
GP_8 I Name I 
Obs Well Distance [m] I Average Pump. Rate [m3/day]I Duration [min] I Initial Sal. Thickness 1m] 7.58 792.00 490.00 
Results 
TransmissIvity [m2lday] I Storage Coefficient I Leakance [ 1 /day] I Estimation Error 1m] 1 847 0.000003 1 955 0.05 
Fit Method Jacob Method 
D OS  
".� ·i 0. 1 � 0.15 
0 2  
I 0.25 I 
c 




0 45 l 
0 5  
, 
0.55 
1 00  1000 
Time [min] 
A P P E N D I X  D.2 a semi- log plot of the drawdown agai nst t i me for GP8. ( A fter MEW, 2005) 
1 98 
I Pumping Test I 
Weil ident 
GP_8 _C>. I Name I 
Obs. Well Distance [m] I Average Pump. Rate [m3ldaY]/ Duration [min] / Initial Sat. Thickness [m] 7.58 792.00 490.00 
Results 
TransmissIvity [m2lday] I Storage Coefficient l Leakance [1/day) / Estimation Error [m] 1 584 0.06 
Fit Method Recovery 
0 05 I �. 
I l"- • • • 0.1 .... "" • • • • • f'. :-
0 1 5 "I'--
I 
� 
E 0 2  , '---' c '" � 0 ' .... -0 0.25 
� rn L.. 
0 1', - 0 3  rn " � '" -0 '00 " "  Q) 0.35 
0:: r-... 
0 4  
0.45 I 
I 1 • 0.5 I -.l 
1 10 100 1000 10000 
tit' 
A P PE DI X  D.3 a emi- Iog plot of the drawdown against t ime for G P8-a. (After M EW, 2005 ) 
1 99 
Pumping Test I 
Weil ident 
GP_8 _ 6 I Name I 
Obs. Well Distance [m] I Average Pump Rate [m3/day]I Duration [min] jlnilial Sat. Thickness [m) 7.58 792.00 490.00 
Results 
Transmissivity [m2lday] I Storage Coefficient I Leakance [1/dayJ I Estimation Error [m) 1 266 0.000077402 0.00061 996 0.05 
Fit Method Hantush Method 
0.05 
..... l� ". 
0 1  J � Ii 
./ 
0 1 5 
0 2  , I 
I 0 25 
C 
� 0 0.3 
-0 
� co L.. 
0 0.35 I 
0.4 
0.45 1 I 
0.5 
0.55 I 
100 1 000 
Time [min] 
A P P E N D I X  D.4 a emi- log plot of the drawdown against t ime for G P8-b. ( After M EW, 2005 ) 
200 
Pumping Test J 
Weil ident 
GP 12 I Name I 
Obs. Well Distance [m] ! Average Pump. Rate [m3lday)! Duration [min] ! Initial Sat. Thickness [m) 
39.70 792.00 248.00 
Results 
Transmissivity [m2lday] ! Storage Coefficient Leakance [1 fday] 1 Estimation Error [m] 
1 779 0.028051 0.00 
Fit Method Jacob Method 
32 1 7  
32 1 7  
32 1 7  
32 18  
32 1 9  
[ \  
,........, 32 19 �\ oS 
:6 32. 1 9  \ 
Q. �\ (1) o 3L2 \ 
32.21 1-\--32.2 1  \ .. 
• 
32 22 I \ \ 32 .22 \ 
32.22 I 
1 0  1 00 1 000 
Time [min] 





Obs Well Distance [m] 








oS 1 9.5 
C 
3: 0 "0 
3: m 20 ... 
0 
20.5 
2 1  




Average Pump Rate [m3/daY1[ Duration [min] 
751 .28 1 50.00 
Storage Coefficient 
1\ If\ \ 
1/ 1\ t\ · 
\ 
\. 
1 0  
Results 
I Leakance [1 /day] 










Initial Sat. Thickness [m) 







A P P E  D I X  D.6 a semi -log plot of the  drawdown again t t ime for KhSPW - I  ( A fter MEW 2005 ) 
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Pumping Test J 
lell ident 
RK-l l I Name I 
bs Well Distance [m] Average Pump. Rate [m3lday] I Duration [min] jlnitial Sat. Thickness [m] 0. 1 5  696.00 60.000 
Results 
ransmlssivity [m2fday) Storage Coefficient I Leakance [1/day] 1 Estimation Error [m] 640 0.07 
it Method Jacob Method 
44 8  




" 1'-" ..-. E ....... r'-£; 45.2 
C. f' 




• "-, • • • 
", . 
45.5 "- • 
I '['Z, ["1.., • 45 6 
0 1  1 1 0  1 00  
Time [min] 




RK-U I Name 
Obs. Well Distance [m] Average Pump. Rate [m3/day] 1 Duration [min] ! Inilial Sat. Thickness 1m] 
0. 1 5  840.00 370.00 
Results 
Transmissivity [m2lday] Storage Coefficient ! Leakance [1/day] J Estimation Error [m] 3249 0.01 
Fit Method Recovery 





'" � " • ., I-
0.04 ,...., [\ 






� f'" ('0 • L.. 0 f' \ . -
('0 0.08 "-::J 
"0 ['\. ·en f'\-Q) . "" � 
0.1 � • 
• \" 0.12 
� 
• '" '" 
0.14  '" 
1 1 0  1 00  1000 
tit' 
A P PE D I X  D.8 a semi- log p lot of the d rawdown against t ime for RK- 1 2  ( A fter M EW, 2005 ) 
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I 
Pumping Test I 
Weil ident 
RK-I L a.... I Name I 
Obs Well Distance [m) I Average Pump. Rate [m3fday) I Duration [min! I lnilJal Sat Thickness 1m! 0. 1 5  840.00 370.00 
Results 
TransmiSSIVity [m2lday) j Storage Coefficient 1 Leakance [1/day) 1 Estimation Error [ml 
33 1 6  0.01 
Fit Method Jacob Method 
0 
I--l- t--I I  � f--" I .---0 02 :V 1-
0 04  .1 I t-
0 06  I } I ! 
C , 
� • 0 0 08 I--'0 � Cll 
L- r 0 0 1  










RK-1 2  -b I Name I 
Obs Well Distance (m] I Average Pump. Rate (m3/day]I Duration [min] I Initial Sal Thickness [m] 0. 1 5  840.00 370.00 
Results 
Transmissivity [m21day) I Storage Coefficient I Leakance [1/day) I Estimation Error [m] 2327 797.40 0.00 
Fit Method Hantush Method 
0 
� r-/ 0 02 1/ 
l 0 04  , 
J 
0.06 
{ I c � 0 0 08 I '0 � CO .... 0 0 1  
, 






A P P E N D I X  D . l O  a semi- log plot of the drawdown against t ime for R K- 1 2  b (After M E W, 2005) 
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